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第１章  
序論 
 
 
1.1 イメージング技術の背景と技術的な事項 
 L^V i˘maging˙,2ʠŃ2ĥɞ1C 3ǆÃķʂǯ1ŦĚG2ǆÃƍÁǄč
GΔ*ņˉȈ.ǾÁ,*ôśC,GŧąC"1Ǌù2÷1820 Ň¥/v
_¡ȅƞĲ Niépce˔ƤGŨÅƳ/ɱʵ$1ƩÔ,ɮFD*C˘đ 1˙[1]1930Ň¥
/.C,JcLÐǸøɒ.ˇĪɄʇƶƛŎ1ƍÁȭÑǶht^ƓʛŰɟ
1ȅĽ,,=/"1ʻʣŰɟ=ţʡ/ʤĽ$A/"1ř1éĹ¯ 2ǆÃƍÁȷĪ1˗
˂Ƞå,˗Ũŋå"D/ŷʏG$ 
 L^VGșĭɯǡ˘scientific measurement˙1ŮǍ,*ƀC,1ǆÃ¦1ǯǸ
Ȣʺ+ĽʹDCȟ1ǯǸǶʂGøɩåɱʵƖ¼åCŮǕƎ²+C,İɍ+
C"1ȅĽ2ǯǸĭģƘĭæĭGĨ<,*È*1șĭ>ǻƼ1Òʲ+ĢʃǴ
*$"*ʠŃ1žń>ŒŋL^1:.A Ƣʺ>­ȍ.-=rc,
*ΔADC@/.'$ǰ/ǖʷ˘ ĄǖƖ 1˙ʻƖ,*ADCʝʧĂóòĸ
ƕ.-1ÒÅŦĚGǾÁ,*ƇȘCǀ.Ŕũ1L^VŮǕ>ɣɋʹȅD
*$ 
 "1@.L^VGɞěý/2Ļ.,=¦1ˍȋ/ȀŧCşɦC
.F&1 ķ˙ʂ,Cǖʷ=2ĄǖƖ2 ɂ˙ǾȷƖ, 1Ǿȷ1Ģ˘ pixel size ˙3˙
vj˘frame rate ˙4˙Ũŋ˘sensitivity ˙5˙dLlfU^˘dynamic range ˙
6˙¹ûķ˃ˊǏ˘SNR; signal-to-noise ratio˙+C1˙1ǖʷ/ʻ*2ɢǡİķʂA
1ŦĚ©ʨĩ¯ˇȖǖ+C,GɎD3œǪ+CƝ/ʙ7$ʠBķʂ,CˏĘ
2Ǳǔ/Š*Ȓǖʷ1ˇĪɄ>S~ɄAʷǖʷ1hygǖ~LUǖC
2"DGʊ$ˇǖˏĘ9+1ŉȯĐ/B"D#D/Š*ƻÑč˘ detector %˙+.
  
ˢ 
Åǣ>"D/¤ˀCÅĭȳ=ĢŔũȁ.'*CˇȖǖ¦Ġ+=bl˘sonar˙
.-1ʉˊǖơÁǄč=ıΔåD*C+ǰ/ǖʷGŧʀ$ěý1ȋȈ2ʙ
1ÒÅǾÁ˘spectroscopic image˙1ôś+BƩȻȈ/2ķʂǯ1ǯʅŦĚ1ŶÑ,.C
ǆ1 2˙2-1@.ěý+=Ȁŧ7ˍ+C1 Ǿȷ1[L`ôśǾÁ1ȢʺȈ.
Òɬɒ˘spatial resolution˙GǓİCěý=Ļ..A+CɂǾȷƖ2ƩȻȈ.ɩʲ
˘FOV; field of view˙GǓ<Cěýġ1@.,22ǆÃƻÑč,ˑŝʶGȾý
!*ˑŝǾÁGôśCěýA/2"D/ÒÅŮǍGʚß*ˑŝÒÅǾÁGôśC
ěý/ʱɦ,.C3˙1vj2ʠŃ2ǾȷƖ1ĝß/Š*®C˗ʡ
ŋǡİɦǒDCěý/2"DGØʽC1ƣʠ+CA/˗ʡ.Ƕʂ/ķ*2
"DɊBʘøɒ.Ƕʂ+C.A3ƻÑčɕ¯/Xjã²G!CŮǕ>ɣɋ=÷
AġƇƹD*C [2-4]"1ȋȈ2ƢʺÒɬÒÅǡÅ+B2 ǆÃǾÁŦĚ/ǖʷ
%+.Ƣʺ,ƚ$.rcGʚßCA/½ÅŦĚGʚßD3ǆÃ=
(C 
1@/L^V2ƯƲȈ/ġǆÃicÐǸ,ĵƃ.ʻ·C4˙~ 6˙+Ș
$ŨŋdLlfU^SNR .-2ķʂ,CǖʷĘ/Š*C2þǖ
ʷĘ/*=ƻÑč1ȟ˒/@'*ĢğFC"1@.+7*1ǖʷĘ+
Ʃ=˗Ũŋ.ƻÑč,ɮ3ȹĠøɩǖʷĘ+1ʴľ1ÅˇâƵGÖΔ$ÅˇĪĝ»ȭ
˘PMT; photomultiplier tube˙+Eîĵ/2“Ũŋ˗”,ɠǶ2"1İɍ/@
'*29BǇ,2ɮ.ˇȖǖG"1ʳĪê­1ÅĪ˘photon˙,*Ɓƀ+
C,ŧą+Ũŋ˗=ƻÑčɕ¯Ļ.,= 106 ¦1ÖśGƪ*C
$<íǸȈ/˗ SNR+ǡİ+dLlfU^="1ŧą+ŉ$%PMT
ɕ¯2êƻÑč+'*ƍÁȷĪ+2.$<ǾÁɯǡ1$</2°A1ʇƶ
˘scanning˙,ŮǍɦǒDC1ʇƶ,ČːǧGɅĈêƻÑč1ʷŭG
õɀŮǕ,*¦+ʙ7C]VuUaL^V˘SPI; single-pixel imaging˙
­ɋ)ADC 
ƯȮ1Ʃř/ĭɟ˃ɸɱ1icz_ scopus /*“imaging”,Tk
+ƻȸ$șĭɾƘƖ1ƄȝGɼ7$ȾƵGđ 2/Ș9$¥ɠȈ.L^V1´G
ķʂǖʷĘ,/9,<$=1Gđ 3/Ș 
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9, 1392 (1970)., *c: E. N. Leith et al., J. Opt. Soc. Am., 54 1295 (1964)., *d: D. V. Strekalov et al., Phys. Rev. Lett. 74, 3600 (1995)., 
T. B. Pittman et al., Phys. Rev. A 52, R3429 (1995)., *e: E. J. Candes et al., IEEE Trans. Inf. Theory 52, 489 (2006)., D. L. Donoho, 
IEEE Trans. Inf. Theory 52, 1289 (2006)., M. F. Duarte et al., IEEE Signal Process. Mag. 25, 83 (2008). 
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1.2 シングルピクセルイメージング（SPI）と研究の方向性 
]VuUaL^V˘SPI; single-pixel imaging˙+2êƻÑč˘single-pixel 
detector G˙Δ*L^VGɞLa[> 2ǆÃƍÁȷĪG~eenƻÑ
č˘ multi-channel detector ,˙Ć5,AD3]VenL^V˘ single-channel 
imaging ,˙ɮ7=D.řʙ1Z_jL^V˘ GI; ghost imaging˙
/*2ǆÃéĹ¯ƍÁȷĪ1ʮGtmV˘binning˙*³ΔC,ŧą+1
@/ÿ¤AD*¦Ʋ˘bucket detector,ĆȜCěý=C ˙"*þƢƭ/ɾƘƖ
ţĝ$Ēɉa]V˘CS; compressive sensing˙+="1@/Ć3D$,Aƿʢ
åǫƞ˘structured illumination˙GΔ*ǾÁGȧûå˘coding˙êƻÑčAśADC
ƢȳÓic/°A1ÐǸGƜ*ķʂǯ¯1ǾÁGÍƿūŜÃCŮǕ2°+=
SPI,Ć5@/.'$@+CƯɾƘ+=ǰ/ƙA.ʽB"1@/ĆȜC$
'*1ř+ʙ7CÒÅɯǡÒʲ+1~exfU__{Ujǡİ=ŉɍ1ŧą
+2 SPI,ɮC9$řʙ1ɯȬǄZ_jL^V˘ CGI; computational ghost imaging˙
,ŚƲ1 SPI ,1ʻ·/(*ɭDCĚă2D9+/ǋ-.9$GI "1=1/ʻ
*=Ǌù2Ȓ=11"D.B1ğʬGȽ*Ʋ*B"1ǰʷ>Ŕũȁ.CÈ*G9,
<* GI,Ć5/2>>ǨǸC"+¦+2"D#D1ǊùȈ.ȽɆGȱê/ɱʙ
ɮɜ1İɍGƞȕ/$$+ƯɾƘ+őC,EGʙ7C 
 "1$<1vGđ 4/Ș9 ÒÅɯǡÒʲ+1~exfU_ǡİ/(*9
,<$řGI /(*ɷʙC"D/@'*CGI G SPI 1ŮǕ,*ƀ"DÒ
  
˥ 
ÅɯǡÒʲ+1 SPI1Ŕũ,=CJd~ÒÅ=2ǾÁɯǡÒʲ+1Jd
~L^V¦1=1+2.,Gƞȕ/CƯɾƘ1Ȩ 2ȥ2"1,GÔ
<*ƞȕ/ƻɳ$ȾƵ+CȨ 3ȥ+2SPIGJd~L^V,*ƀ"
1ˑŝʶ+1ȢʺÒɬG[wuUa]vjǕ,ŮǕGĹÇ*Ā!$ȾƵ
GȘ+2ŮǕ"1=1,ÐǸŔũ1ƚɨŤGőCȨ 4ȥ+2iJYÒ
ÅǕ, SPIǕ˘Jd~L^VǕ˙GÔ<*Ⱦý!$pLr_{UjL
^Vɣɋ/(*ʙ7C9$"D/@'*ʉ˗ǖʷÒɬɒ1­ȍǾÁG˗ʡôś+
C,GȘȨ 5 ȥ+2ĎŴ­ȍˑŝʶ,ƩʗĚăD$ɣɋ/SPI Ǖ˘Jd
~L^VǕ˙GȾý!A/ÅĪɯƖǕGĹÇC,/@BSPIǕ1dL
lfU^1ČːGɅĈ((ŝŐÅķŠ+C,GȘƯȥ1Ʃř+2ƒ<*
ƯɾƘ1ƿū,Ëĳ/(*9,<Ȍ 
 
 
đ 4 ƯɾƘ1ƾɦ  ˛
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1.2.1 スペクトル測定とSPI 
SPI2ÃƲÒÅǡİ1Òʲ+~eenƻÑč"D8-ɘȈ+.'$Ƣ¥/
_{UjǡİGâǵȈ/ɞ$</ÜÑD$ŮǕ+C"1ř"1@.ƻÑčǏ
ʓȈƣñ$ř+=˗ ǾȷåŰɟȈ/9$2¶ƸȈ/˅ǖʷĘ/ķŠ!C$</
33˓:AD*$ŮǕ+C$%1ǆÃ_{Ujǡİ2œǪL^V,2
Ć3D*.'$Ƕē+="+CřŇ/ÍÜÑD$ SPI2"1êȶ.Ź
őǮ+C,ɮC$'*>>ʩĈŨ2ǌCƯȮ/ʽB 1ǆÃ_{Ujǡİ/
ķ*= SPI,ΔɺGƔ*³ΔC 
đ 5/Ș@/_{Ujǡİ/C SPI1Ǐʓķʂ2êɚɯ˘ monochromator; ¦
ř2ÒƕėÒÅč9$2ê/ÒÅč,Ć5 /˙êƻÑčGôB¤*ǖʷʇƶǡİGɞ
ěý,ġɚɯ˘polychromator; D=ê/ÒÅč,Ć5˙/La[1@. 1ǆÃƍ
ÁȷĪGôB¤*_{UjGŋ/ǡİCěý1 2(+CÚɏ2]Ven
ǡİřɏ2~eenǡİ,Ć5+SPI/2"1@.ÒƕėÒÅčG³Δ
Cěý,ˈ ÒƕėÒÅčG³ΔCěý1 2(1ǙD'$Úɏ+@ȐAD$=12
Jd~ÒÅǕ˘Hadamard-transform spectroscopy˙[5-7] +C"1£/=Mock 
interferometer [8]Girard’s grill spectrometer [9] .-ƇƹD$řɏ1¥ɠ´2vOÒ
ÅǕ˘Fourier-transform spectroscopy˙[10] +Cȵ±ƧŴGȽ*ȾƵ,*2ʆĠǖʷĘ
+2vOÒÅǕǄčÒƴǕ,*1Ĕ­GȕȤ!$ D=~exfU_
˘multiplex˙ǡİ+C [11] 
Jd~ÒÅǕ+2ÒÅč1Ñĸ_fj1ǩǧˉ/ʰɋ$Jd~~_UGˎǆ
ʇƶ!"1ʝʧÅGêƻÑč+õÅ"DAśADCƢȳÓic/ʜJd~
ğƈÐǸGƜ*_{UjGŜÃCƛvOÒÅǕ+2~LWbŅǞɯ1ø
ãʶGʇƶ*êƻÑčAƢȳÓic,*śADCLcvNV/v
OğƈGƜ*_{UjGśC1@/ɏ1ÐǸ1Ŕũ2ƯʅȈ/þ+Cȁ.
C12vOÒÅǕǇŏǖ˘±ŏǖ˙+ğŜɼ*C1/ķJd~ÒÅǕ+2
ȑŔǖ+ğŜɼ*C,%+C1@.ǡİ/2ʱ ȂC˃ˊ1Ťʅ/@'*
]Venǡİ/ķCmultiplex advantage˘vOÒÅ1ěý2ǰ/ Fellgett 
advantage,Ć5˙[12] ĬēCěýCƛÒƕėÒÅč+1~eenǡİ
/2]Venǡİ/ķ*multichannel advantage,Ć57Jkqh^Ń/
Ĭē*C
 ɠ 1/]VenÒÅǡİ˘SC ˙~eenÒÅǡİ˘MC ˙~exf
U_ÒÅǡİ˘MX˙1ü1ěý/ķ* SNRGĢ˃Ų/ɧȠ='$ȾƵGȘ+
˃ˊ2 3ȟ˒.F&i˙¹û,ȍʻ."1ĢɪǡƢʺ1ņƛƷ/Ǐ´C@
.Ǭ˃ˊC2¹û,ǲȤ.ƻÑč˃ˊ˘nth˙Âä.ěýii˙¹ûŒŋ1ņƛƷ/
 *2: vOÒÅ1ěý2Åǣ¾61éÒ1ŬBÅJd~ÒÅ1ěý2~_U1ʹöǏ 1:1+C$< 
˞˝ 
Ǐ´C]fj˃ˊ˘ nsh ˙Âä.ěýiii ¹˙ûŒŋ/Ǐ´C]e]˃ˊ˘ nsci˙
Âä.ěýGɎŪ$ D=ǡİ7ǖʷOjƖ2 m ,SC+1 1ǖʷ
Ojœ$B1ǡİ/ɦCƢʺ,"1,1¹ûŒŋG T ,$$'*SC+
1(1_{UjǡİGį!C$</2 mT 1ƢʺGɦC,/.CMC1ěý2
"1ʺ/7*1ǖʷOj+=ǲȤ$º1ƻÑč+ǡİøɒ,.C,
A1ǖʷOjœ$B"* 1ƻÑčœ$B1¹ûŒŋ2 mT ,.CMX1ěý2
"1Ƣʺ/ m ǧA.Cʣ1ƢȳÓic1ǡİGɞ,+ 1Ď1_{UjǡİGȻ
!C,/.C1ǖʷOjœ$B1¹ûŒŋ2 mT/2 ,.B*2êƻÑčœ
$B1¹ûŒŋ2 m2T/2 ,.CDA1ŦGòơ*ƻÑč˃ˊƑʰȈ.ěýMC
,MX2 SC/Ǐ7"D#D ! !/2 %˗ SNRGƪC,/.CDA"
D#D~een@4~exfU_Jkqh^+C¹ûŒŋ1ņ
ƛƷ/Ǐ´C nsh>¹ûŒŋ/ȌƃǏ´C nsciƑʰȈ.ěý/2ŭɿ~exfU
_iK_Jkqh^˘multiplex disadvantage˙ǶDC.1@.ʯýGÆƫ
Cɣɋ,*1980Ň¥¦ʼ/ȏȋD$~eenvOÒÅč˘multichannel 
Fourier spectrometer˙ŽADC [13] 
 
đ 5 ]Ven˘SC˙ǡİ˚~een˘MC˙ǡİ  ˚
~exfU_˘MX˙ÒÅǡİ1ƾšđ  ˛
 
ɠ 1 Ǭ˃ˊ˚]fj˃ˊ˚]e]˃ˊƑʰȈ.ěý1 
SCÒÅǡİ˚MCÒÅǡİ˚MXÒÅǡİ+1 SNR1Ǐʓ˛
 
  
˞˞ 
SNRGɎĶCěý/2ÒÅč1ƞC=ʱɦ.ďĪ,.Cɘ/vO
ÒÅč1@.ˈÒƕėÒÅč2ÒƕėÒÅč+øǅ._fjíǸȈ/ɦ,.C$
<ÒƕėÒÅč,Ǐʓ*ƞC.F&QxhKR_xfjJkqh^
˘optical-throughput advantage; vOÒÅ1ěý2 Jacquinot advantage,=Ć5 G˙ƪ*
C [14, 15]Ưœ/vOÒÅčƞC-2"1ŅǞɯ+ƂΔD*
CÅĭȳ/Š*ĢğFC$<º+1îĵ.Ǐʓƻɰşɦ+CœǪÒƕėÒ
ÅčGΔCJd~ÒÅ/2"1@.Jkqh^2œÔA.Çĸ_fj¾
/=Jd~~_UGʰɋ*ʱ1Jd~ğƈÐǸGɞ'*Ô<*Ǐʓ1ķʂ,.
BśC 
 
1.2.2 ２次元イメージングへの拡張 
2ǆÃǾÁ1 SPIǡİ2 1ǆÃ1_{Uj SPIǡİ1ê.CŹő+C,ʙ7$$
'*ǾȷƖ2ġ.C=11íǸȈ.ˉ+ƚ$/ɮñC,2.2 ǆÃ SPI
1ǰʷ,*Œɼ7,2C"D2Ɲ/ʙ7$~exfU_Jkqh^1
øɒŤ>CS1ʫΔ1øɒŤ/ß*ƻÑȳʮ/ȾÁÅĭȳɦ+C,,+C
SPI+2ʣ1~_U/ķŠ$ȍķȈ.¹û1Œŋğå˘ɪǡzUj˙śADD3Q
^lÁGÍƿū+C"1$<qWfjƻÑč1@.õÅˉ1Ģ.ƻÑčG³Δ*
=@1,2ȾÁÅĭȳ+Ǻ&.óĿ1ŕˋGõ.,,GŧąC"
1ȾƵƻÑȳʮ1ĺėåĳƟ,'$ǰʷ=Ǻ9DC9$ş =YiKVD
$È*1ÅưGƻÑč/Çĸ!Cşɦ2..F&ƕÅ1ʮA+=Íƿū+
C$<ƻÑč1ʰɋ1ɕǽŋĝ´3ȩɏA2đ 6˘a˙/Ș@/ɢǡİķ
ʂǯ¯A1ƕÅGȁ.CɫŋAƻÑC,+ķʂǯ¯Gã,.ɠˉŝȺŔ
Ǳ1L^VɞC,GĚă$ [16]đ 6˘ b˙/ÅĭʰɋG˘ c -˙˘ e˙/ƻÑɫ
ŋƛĀGğ.AƕÅŒŋGǡİ$ȾƵGȘüL^/*2ȔɄʮ+Ș
ˏĘ1ŒŋÒŁȁ.'*B~LU_W1ɠˉ1À/@CƕÅ1żĀŤƻÑ
D*C,FC1@/ȾÁÅĭȳGşɦ. SPI+2ĺė.ƻÑčGɥƖº
ʰɋC,ĳƟ+Bǯ¯Gã,.ɠˉ1ŝȺŔǱGøɩå+C
 ,E+Ôƭ1 SPI /2ŰɟȈ.ˉ+~_U1ɦȷƖ>ɤ²Ȳŋ/ʽǿ'$9$
ǄƺȈ.ʇƶ/ʈďCǡİƢʺ1ØȴǨɩ+.ěý='$ʗŇǄƺȈ.
~_U/ğFCiqL_,*ǛƥGΔ$ȢʺÅğɼč˘SLM s˨patial light modulator˙>
MEMS˘micro electro mechanical systems˙ŰɟGΔ$i^c~LUiqL_
˘DMD˨digital mirror device˙ċĉåD$,/@BǱǔğ$đ 7/ SPIʻʣ
1ɾƘƖ1ȽɆ,"+³ΔDCȢʺÅğɼč1ǊùGȘƝ/Ș$ “imaging” 1ƻȸ
  
 
˞˟ 
ȾƵ,þǀ/ĄʕiqL_1ʤǈţʡ.ȓȡ1ȅĽGƑ*C,ÒCǰ/2007
ŇˌAȆě$ LCOS-SLM l˘iquid crystal on silicon-SLM˙>DMDǏʓȈ®¶Ƹ+ÖΔ+
C@/.'$,ŕˋ*C,ɎADC9$"1ĻÚ/Ēɉa]V
˘CS ; compressive sensing 1˙âǵȈ.JZ`ȕȤD$,=Ĵ*C [17-19]
CS +2ǡİķʂ1ŦĚ1/2Ļ.A ˆūÒā9D*Cěýġ,˘_r
_Ť˙/ȏȋƮȐƖ@B=Ļ.ɪǡicAÃ1ǾÁGƄİÍƿūC$'
*CS2 SPI/C~exfU_ǡİ1ǡİƢʺ1ČːGɅĈC 1(1Űɟ,*
­ɋ)C,=+SPI61ʻŞ˗9'$ɦď1 1(+C,=ɮC 
đ 82ƻÑč1Ŕũ/ę)üȟ1L^VŮǕ,"1+1 SPI1­ɋ)GȘ
SPI2"1~_U1ȟ˒,ǥȬƛǕ1ʩAȌ ğƈė,ȍʻė/ĢÕ+C D
=¹û1ȢʺĄǖƖūÒ,˃ˊ1Ȍ Ť=2ǲȤŤÚƇ+CÚɏ2Ä/=ʙ7$
Jd~ğƈL^V˘ HTI [˙20] >Ǉŏǖ~_UGΔC˄ƕY[Lğƈ˘ DCTI˙
[21] >pMNwfjğƈ˘HWTI˙GΔCŮǕ [22] .-ƖĭȈ.Ȍ ęŊG
ΔCDCTI2qLl+2.ġ¼~_UGşɦ,C$<ů)A,
Čː=Cƛ+ȢʺȈ/d.qLl~_U.-GΔȿɯȈȍʻǥȬ/@
Bǯ¯ÁGÍƿūC,ôBȼ:=ɞFD*CǆȮ+ɻƞCɯȬǄZ_jL
^V,Ć3DCŮǕ"D+C 
 
      
đ 6 ƕÅŒŋL^V/@CɠˉŝȺŔǱ1ɪĶ [16]˛˘ a˙ǡİ1ʰɋđ˚˘ b˙ǡİ1Ōǁȳ˚
˘c ~˙˘e˙ƻÑƛ­ɫǎ1ÍƿūÁ˛Ɉ 2Ư1Ʉ2~LU_W1ȋȉB+B˚ɃȔɄʮË/ɠ
ˉ1ÀĬē*C˛˘ c˙~˘e˙/*˚ȋȉBʮ+1ƕ2żĀŤ.FC˚ÀĬ
ēCȫŭ+2"D#D1ƕÅŒŋȁ.'*B˚ƕ1żĀŤ˚.F&ɠˉ1ŝȺŔǱğåG
òơ*C  ˛
 
 *3: scopus/*cLjűʵTkG¦+ƻȸ 
"single pixel imaging"  OR  "Hadamard transform image"  OR  "single channel imaging"  OR  "computational ghost imaging"  
OR  "single pixel camera"  OR  "compressive single pixel"  OR  "single pixel compressive"  
 
˞ˠ 
 
đ 7 SPI/ʻCɾƘƖ*3,"+³ΔDCȢʺÅğɼč1Ǌù  ˛
 
 
đ 8 ƻÑƛŎ1ɪǧ+Ò˒$üȟL^VŮǕ  ˛
 
1.2.3 分光画像測定手法の分類 
9+ÒÅǾÁ1ôś,ȋȈ/ķ*ǰ/ SPI1ȤěAƾɪ$SPI+2~e
xfU_ǡİGɞ"D2_{Ujǡİ/ķ*=ȢʺȈ.L^V/ķ*=ʫ
ΔD$ƯȮ+2ɊBʘ/.C=ĻɘȈ.Ȥě+ÒÅǾÁ1ǡİŮǕGÒ˒
*.F&_{Ujǡİ/*=ȢʺȈ.L^V1 D/*="
D#DʇƶƛŎ~eenƛŎ~exfU_ƛŎ1ǡİŮǕĬēśC2 +
B"1ȼ:ýF!+ýɯ 9ȟ˒/Ò˒+C 
 ɠ 2/"DAGÒ˒$ȾƵGȘA1˘_{Uj˧ʇƶ˜ǾÁ˧ʇƶ˙ƛŎ2_{
Uj1˞ǆÃ,ǾÁ1 2ǆÃ/*ʇƶǡİGşɦ,C$<ǡİ/ɔĢ.Ƣʺ
CB1˘_{Uj˧ʇƶ˜ǾÁ˧~een˙ƛŎ2ŅǞvKc.-1ÒÅȷĪ
,~eenǾÁƻÑč1ȼ:ýF!+C˚ǖʷÒɬɒGĀ!C$</
´3vIw{ŅǞɯ.-GΔC,A1ěý,þǀ/ǡİƢʺʷ.CC 1˘ _
  
˞ˡ 
{Uj˧ʇƶ˜ǾÁ˧~exfU_˙ƛŎ2ˇǖˏĘ+1ýūʹöƬʪʶ.-"D
/ɶœCǆ/D1˘_{Uj˧~een˜ǾÁ˧ʇƶ˙ƛŎ2´3Òƕė
~eenÒÅč,Ǿȷʇƶ1ȼ:ýF!+B´ 3vILqÒÅč1vILq1ǡ
İ_}fjGǆ,ȝã!C,+ıǶ+CE 1˘ _{Uj˧ ~een˜ǾÁ˧
~een˙ƛŎ2âǵ,ɪǧ+2Ʃ=Ƭ9´3RÎȎRh
t^ǾÁ1ôś"D/ɶœC$%Ǉȕ.ÒÅŦĚ1ôś,ŧą+2>>Č
ː=ǌCF1˘_{Uj˧~een˜ǾÁ˧~exfU_˙ƛŎ2ýūʹö
Ƭʪʶ+ÒÅΔvKcqUGÓƃɁ$]_h"D/ɶœC1ěýqU
Ɩ/2ʽB9B˗ǖʷÒɬɒ2ƭŗ+.G1˘_{Uj˧~exf
U_˜ǾÁ˧ʇƶ˙ƛŎ2vOÒÅč,Ǿȷʇƶ1ȼ:ýF!+C~een
vOÒÅčG³ΔCěý=>>ŧąý2ȁ.'*91ȯȃ/ÇDC1
ʫœ+EH1˘_{Uj˧~exfU_˜ǾÁ˧~een˙ƛŎ2´
3fx~|VvK+RǾÁGôśCěý"D/$B¯ Ƞ|V
/ŔūD$wfVƸĪ/ķ*ȇɚÅ+ÍǺCI 1˘_{Uj˧~exfU_
˜ǾÁ˧ ~exfU_ ƛ˙Ŏ1ÊėȈ.´,*2Ysj.Åǣşɦ,.C
òĸė¯Ƞ|V+1ǾÁÍǺŽADC"+2ȢʺŦĚ2|VvKfU/
ÒÅŦĚ2 3ǆÃŅǞɇ,*ɱʵDC9$Jd~ğƈÐǸGÒÅ,ȢʺŦĚôś
1ɏ1ȋȈ/³Δ$Ěă.-=C9$vOğƈơÁÒÅǕ,*ƇƹD*
Cʣ1ŮǕ=1ȯȃ/.CDA2ɣɋȈ.Ťɒķ¶ƸǏ1ǧ+ÂD*CƯɾƘ1
Ȩ 4ȥ+ʙ7CiJY]_h,HTI1ȼ:ýF!=/ÇC 
 
ɠ 2 ÒÅǾÁôśŮǕ1Ò˒  ˛
 
 
 
 
 
  
˞ˢ 
1.2.4 SPIで使用される検出器 
đ 92ʠŃ1~eenƻÑč, SPI+ΔADCøɩȹĠAʗʆĠǖʷĘ1]
VenƻÑč,GŠȪʡŋ,ķŠøɒ.ÅŒŋz1 2(1ɪǧ+9,<$ȾƵG
ȘD@BǦɚ+Ș]VenƻÑč2~eenƻÑč,Ǐʓ*"
1 2ǧ+ D=ÂD*CFCǰ/ÅˇĪĝ»ȭ˘PMT; photomultiplier tube˙2
ÒÅŨŋǰŤ"ȹĠøɩ˩ʗʆĠǖʷĘ/ʽADC[wloȚ1ŠȪʡŋ,˗ÖśG
ƪÅĪê­1ƻÑɒÝGƪCÅˇˉGÏëC,A/ŝŐÅ/ķŠ+C@/.
CJq]Nĝ»âƵGÖΔ$Jq]NvPjdLQk˘APD; avalanche 
photodiode 2˙˗ĝ»ǵ,ʳĪâǵGƪ= PMT@B2@BʗʆĠǖʷĘ/ª4$Ò
ÅŨŋGƪCǏʓȈ˃ˊĢ˗ ʡŤGʚǒC,Ģ.ʜqLJ_ˇĒşɦ,
.BõÅˉ=ĺ.'*³)A.CPINvPjdLQk2˗ʡ+³ƟŨ
ŋȈ/>>ČːǺC,=CʗʆĠǖʷĘ1ʳĪėƻÑč+2InGaAs ȳ1ƻÑč
ǏʓȈ˗ʡ+Cƛ~eenƻÑč/2˗ʡXjǄɒ¤L^Lh
]vILJ ˘II; image intensifier˙,ˇɛȾýȷĪ˘CCD; charge coupled device˙,1ȼ:ýF
!C.B˗¶+BƻÑŨŋ1ǧA= PMT.-/2ñ3."1£/=J
q]Nĝ»GΔC,+˗ʳĪâǵ˘~ 90 %˙G=(ˇĪĝ»Ŏ CCD˘EM-CCD; 
electron multiplying-CCD R˙>șĭɯǡΔCMOS˘ complementary metal-oxide semiconductor˙
R.-=ıΔåD*C˗ ʡ.Ƕʂ/2ķŠ+ 9$>2BD=˗¶+C
1@/ƗǸ*:C,]VenƻÑčG³ΔC SPI2ĺėʒʳĮ¶+
B˗ʡǶʂ>ŝŐÅ61ķŠ+"1ǰʷGȅƉ+C,ƒ<*ÒC¦SPIG
ÒÅ_{Ujǡİ,ɪǧAƀL^V/ɖC9+1ƾɦGʙ7$ƛ+
Ä/=ʙ7$ɯȬǄZ_jL^V,Ć3DCȍʻė SPI1Ěă=ġ"DA2ǆȮ
¦ʼ+ʙ7C 
 
  
˞ˣ 
 
đ 9 SPI+ΔADCÅƻÑč1ŠȪʡŋ,ķŠøɒ.ÅŒŋ  ˛
˘vPjƖ2ǖʷ 632.8 nm1ěýGȘ  ˙
 
1.3 ゴーストイメージング 
1.3.1 量子的ゴーストイメージング 
Z_jL^V˘GI: ghost imaging˙22Åưʺ1ƢȢʺ.ȍʻGÖΔ*ǾÁGʪ
ˁǺūCŰɟ+C=,=,2ʳĪÅĭ/CʳĪ=(DÅĪķ˘quantum entangled 
photon pair: QEPP˙/ʻCȓȡ [23, 24] GȅȦ,$Űɟ+BŠΔɯǡ/ʻ*œÔ
Aƞȕ.ȋȈĬē$,2ŢFD.´32ǆ1ˈɄŔÅĭȾƥ/*­ȍƗýƱ
¨GǢ$,ɕȅȈrjfUdMYq^˘spontaneous parametric down 
conversion; SPDC˙ʧȞGȽ*áʈ}xÅA]VlÅ,JLkÅ1ÅĪķȅǺ
C˘đ 10 ˙"D#D2/Ȍ $ŃÅɄ,ȁŃÅɄ1½ÅǱũGƪYǱ/Ⱦƥ
AÑĸ"DA1 ǧ/*ʳĪȈʱ0ýF!Ǳũ,.C"1@.ÅĪķ2/Ƣ
ʺȈ/ŒȍʻGƪÇĸÅĪ=ā<*ʦãʳ¸ĬÙGǢʋC1ǱũGQEPPǱũ,
Ć5ÅĪķȢʺȈ/˄D**=ȍʻGƪC,ȐAD*C [25]"+1
@.”ˈļŭȈ”.ȍʻǶʂ/ȏȋ$L^VǕƇƹD$ [26, 27] 
đ 11/ QEPPGΔ$L^Vɣɋ,"1ǡİȾƵGȘ}xÅGˈɄŔÅĭȾ
ƥ+CBBO˘ β-BaB2O4 /˙ǫĸQEPPGǺūCQEPPǱũ2ĖȌ@4Ǒņ½Å1Å
Ī1ʱ0ýF!Ǳũ+C$<½Åt_xfc˘PBS˙Gʠ,/@B 2Åʍ/Ò
ADC.F& QEPP 1ƛ1ÅĪȕǵǖư,* A 1ÅʍGʭŵ$,C,Å
Īķ1=ƛ2B1ÅʍGʭŵ*CøɒŤ˗A1Åʍ/2ǯ¯˘ +2Jr
e˙Gʰɋ"1ʝʧÅGêƻÑč+ƻÑCƛB 1Åʍ+2êƻÑčG x-y
  
˞ˤ 
ņˉ+ʇƶ×Ʋ*$ÅĪ1ȢʺȈ.­ɋGƻÑCC2ʇƶ1¥FB/ 2ǆÃ
ƻÑčGʰɋ*=@+AB1 2(1ƻÑčÑÝ/ķ*×ƲÅĪ1ƢʺȈ.Y
L]i_ǡİ˘coincidence detection˙Gɞ3ƢʺȈ/ȍʻGƪCÅĪ1:ƻÑ+
C}xÅ/ķCQEPP1ÑĸƛĀ2"D#D1ÅĪ1ǖƖzUj1ɫŔʸ
C@/Ǔ9C.F&ʦãʳ¸ĬÙGǢ$@/Ǔ9C"1ȾƵB¾+ƻÑD$
ÅĪ1Ȣʺ­ɋɍȈ/Ǔ9C1@/*ÅʍB1ÅĪGȢʺÒɬ((YL]
i_ǡİGɞ%+°A£1ÐǸGşɦ,! /Åʍ A 1ÅĪ1ȢʺȈ.˕ɞ­ɋ
Ǔİ+C 
+Ǘȋ7,2ǯ¯ʰɋD*CÅʍ A +2ȢʺÒɬɞFD.ǡİG
ɞǯ¯,Ȍƃȍ²Δ*.ÅʍB+ȢʺÒɬL^VGɞ'*Cǧ+C
"D/=FA ǯ¯1ŔǱŜÃDC1@.ǡİūȤCǸǽ2QEPP1ˈļ
ŭȈ.ȍʻ/Cǯ¯Ĭē.ÅʍGʇƶC,+$=”"/C2 1.
ǯ¯1L^V+C”,'$,AZ_jL^V,ćÿD$
+2Á1Ǻū/ QEPP GΔ*C$<íǸȈ/˗Yj_j+þȍk˃ˊ
˘common mode noise: CMN 1˙ŕˋGõ/ǡİɞCQEPPɕ¯1ȅǺâǵ
2ˈŃ/ĺ"1!ƇƹœÔ2ʽAD$ʮ1ȓȡɏ1ɗą1ȯȃ/Ȁ9B8-
1ȅĽ/2ɖA.'$
 
 
đ 10 type	 SPDC1ƾɦ  ˛
 
 
đ 11 QEPP/@CþƢɯƖL^V [27]˛˘ a˙Åĭȳ˚˘ b˙þƢɯƖ/@Bôś$Á˛
˞˥ 
*4: ÷ÊȈ.ÅGʳĪȈƻÑč/@BƻÑCěýGé÷ÊȈ,Ć5˛ 
1.3.2 古典的ゴーストイメージング 
ʳĪȈGI˘ QEP-GI 1˙Ƈƹř3A*"="= 2ÅĪþƢɯƖL^V/QEPP
Ǳũşɦ+C1,ȄČųAD$ [28]QEPPǱũ1Å/ķ*ʠŃ1Å
G÷ÊÅ,Ć5,/C"D2ŒŋŝŐ/.C,êÅĪ˘ single photon Ǳ˙ũ/.C
"1@.÷ÊÅGΔC GI ,*ɞFD$ 2 ÅĪþƢɯƖL^V [29] 1Åĭȳ,
ǡİȾƵGđ 12/Ș+2He-Ne\ÅGefr+ƢʺȈ/žńğɼ"D
GSqo/@BȢʺȈ/ 2ǆÃʇƶ$=1GÅǣ,*Δ$ƾšȈ/Úɏ2
QEPP1ƢʺȈ.ȍʻ/ķŠřɏ2ȢʺȈ.ȍʻ/ķŠCř2t_xfcGΔ
*ÅʍG 2 (/ÒQEP-GI 1,,þǀǯ¯ʝʧÅ2êƻÑč+õðǫÅ2 2
ǆÃƻÑč+õ"A1ÑÝ/ķ*YL]i_ǡİGɞ"D/@'*ǯ¯Á
GÍƿūCQEP-GI,ȁ.Cǧ2Á1Ǻū/ QEPP+2.êÅĪGΔYL]
i_ǡİC,+ȕǵǖư1ȍʻGǒ<*Cǧ+C*4$'*1@/*
ŜÃDCÁ1Yj_j2QEP-GI1"D/2ñ3. 
 
đ 12 ÷ÊÅGΔ$˟ÅĪþƢɯƖL^V [29]  ˛
˘a˙Åĭȳ˚˘ b˙þƢɯƖ/@Bôś$Á˛
 
A/đ 13/Ș@.He-Ne\ÅGƕĩʅ/ʝʧ!$,/ȅǺC_{f
UrcGÅǣ,CȍʻL^VǕƇƹD$"*DG[~Z_
jL^V˘Th-GI; thermal ghost imaging˙[30-32] ,ĆH%YsjÅAƢȢʺ
Ȉ/ğåC_{fUrcGǺūC,A1ÅǣGȄ«ǬÅǣ,Ć51@
.Åǣ2ÌȊǱ1BS_GĎʐ!.Aƕĩʅ˘´3hfU_ǷGāƪ$
ǤǛ G˙ʝʧ!C,/@BśADȾƵ,*ƢȢʺȈ/ğåC_{fUrc
Ǻū+C"*"D2t_xfc˘BS˙+ 2 ÒDǭƛ2ǯ¯Gʝʧ*ê
ƻÑč/£ƛ2"199 2ǆÃƻÑč/ÇĸC.F&ðǫÅ¾+2_{fUr
cG 2ǆÃƻÑč+ɱʵ"D,þƭ*ǯ¯Å¾+2ǯ¯ʝʧÅŒŋGqWfjƻÑ
č+ź*ƢȳÓ¹û,*ɱʵC1,ǯ¯1Á2÷ÊȈ.ÅŒŋ?A1ȍʻ
GΔ* 
 
˞˦ 
 
                 (1) 
,ƨC+	…
2J[wņĕGɠIn (x,y) 2Ōǁ (x,y) /C nĎȋ1
ǡİ1Œŋ?A+B!! !, ! − !! !, !  +ADCIn (x,y) 2 n Ďȋ1_{fU
rc1ǡİŒŋ+B !! !, !  2"1J[wņĕ+CBn 2 n Ďȋ1q
WfjƻÑč+ǡİD$ÅŒŋ¼1?A+B!! − !!  +ADCBn 2 n Ďȋ
1ǡİ¼ !!  2"1J[wņĕ+CBn 2ɢǡİǯ¯1ŒŋʝʧʻƖ T (x, y) G
Δ* 
                        (2) 
+ADCƞA/Ŏ˘1˙úʕ1Ȩ 1ˍ2ǯ¯ŦĚGòơȨ 2ˍ2ȌǙȈ.ɑƤÅ
ūÒ+C1@/ȍʻGΔ$ Th-GI1ǸɾȈƷŸ2ʠŃ1ƖĭȈ.ȍʻǥȬ"1
=1+BQEPP1ěý1@.ʳĪɾȈ.ȕǵǖưÇBʖ;±Ĕ2. 
 
 
đ 13 Ȅ«ǬÅǣGΔ$ȍʻėGIL^V˛
 
1 Th-GI2Hanbury-Brown, Twiss/@'*ɤ²D$Œŋ?AGΔ$ģ¯ˇǖŅ
Ǟɯ˘HBT interferometer˙,ƯʅȈ/þ+C [33]HBT1ˇǖŅǞɯ+2ťƠ1ɩȌ
ŖGǒ<C,GȋȈ,*ȢʺȈ/˄D$ 2ǧ/ɲɋD$ 2(1ƻÑčAśADCˇ
Ǚ¼1?A.F&ÅŒŋ?A1ȍʻGǒ<C"*"D2ˇě1ɬƴ¹ûɠǶ V 
GΔ* 
       (3) 
(¬˚ !! , ! = !∗ !! , ! ! !! , !  ! = 1, 2 ,C) 
,ƨC [34]+r 2­ɋzUj+Bǝī1 122ȁ.CȢʺ­ɋGȘ
t 2Ƣʺτ 2 2(1ƻÑč/×ʨCÅ¹û1ȍķȈ.ʥōƢʺĿ+CúʕȨ 1ˍ2ˇ
ě1 4ǆ1ȍʻʻƖ Γ !,! !!, !, !!, ! + !; !!, !, !!, ! + !  +BSM_ȕǵʧȞG§İ* 
˟˝ 
 
      (4) 
1@/ˇě1 2ǆ1ȍȍʻʻƖ+ɱʙ+C$'* Ŏ˘3˙1Œŋ?A1ȍ
ʻˇě1 2ǆ1ȍȍʻʻƖ+ɱʙ+C.F& 
                 (5) 
,.CȿɯÅĭ+2DGȍYs_ʻƖ,ĆH+C 
 ¦1Ŏ1ĹÑA=ɕƞ+CHBT 1ˇǖŅǞɯA2­ȍŦĚ2ŶÑD.
"1$<­ȍŨŋGŻ$.,ɮƛ+­ȍ?A/ɐŤGŻ(,ɮƛ=
+C1ǰʷĢǐ1Ɛ1ŕˋGõƟģ¯ɪǡ/ʫ*$1+C.¦
1ʁɾ2ˇǙ¼,JlVʳ+1,%'$PMT 1@.ʳĪėƻÑčAśAD
C@.˄ƕȈ.ÅˇĪr_Ó/ķ*=ūȤC,Purcell,Mandel/@'*ɳƞ
D$ 
 *­ȍŨŋ/ȏȋC,Ŏ˘1˙Ș@/÷ÊȈ.GI+C Th-GI=­ȍŨŋG
Ż$.ƛQEPPGΔCQEP-GI+2­ȍŦĚŶÑ+$ [35]Ɲ/ʙ7
$@/QEP-GI2 QEPPGŦĚ©ʨĩ¯,C1+ŝŐÅˏĘ/*=˗Yj
_jGȘ,ǰʷC [36]9$QEP-GI>÷ÊȈ. Th-GI2 D= CMN/ɐ
ŤC.F&Ġ1ŕˋG/A/ɏ2ɘȈ.ȾÁėL^V,
2ȁ.BȾÁ`ɦ,.C1,2`1óĿ1ŕˋGõ.L^
Vøɒ+C,GŧąC [37, 38]đ 14/ʠŃ1ȾÁėL^V,GI1ÅĭȳG
Ș˘ a /˙ȘɘȈ.ȾÁȳ+2Á1ǃ»ǵm = b / a+ǓİDC"D/ķ˘ b˙
/ȘGI+2÷ÊȈ Th-GI1ěý2ÅǣA1ʌ˄+_{fU1ĢQEP-GI1ě
ý2QEPP1ȢʺȈ.ŉBğåC"1$<2Åʍʺ1ʌ˄1Ǐ b / a +»ǵǓ9
C1@/ Th-GI2Ģǐ1Ɛ1ŕˋ>`óĿ1ŕˋGõ.$<ja
]V61ŠΔƻɰD*C [39-41]¦1@/GI2ʳĪȈ÷ÊȈ-&A1Ɔ
Á+=ʁɾDıɳ=D*$[42-44]Ƕē+2"D#D1ǰʷGƪCŰɟ=1,
*ǸɬD*C[45] 
 
 
đ 14 ʠŃ1ȾÁėL^V,`_GI1Á»ǵ  ˛
 
˟˞ 
 
1.3.3 計算機ゴーストイメージング 
"1řƚ$.GI1Ŕũ,*ɯȬǄGI˘CGI; computational ghost imaging˙ƇƹD
$ [46, 47]CGI+2D9+1GIđ 15˘a˙/Ș@/ðǫÅʍ,ǯ¯Åʍ1 2Åʍ
Gşɦ,$1/ķ˘ b˙/Ș@.êÅʍå+CŚƲ1ðǫÅʍ1¥FB/
SLM > DMD 1@. 2 ǆÃȢʺÅğɼčG³ΔƝȐ1drc+ÅǣA1
ÅưGƢȢʺğɼC+Th-GI1@/_{fUrcǱ1ğɼGɞěý=
CƝȐ1rcGΔC,ǧT}Lj+BêƻÑčAśADCƢȳÓ
¹û,"1ƝȐrc,1ƖĭȈ.ȍʻǥȬGɯȬǄ+ɞ3ɢǡİǯ¯GÍƿū+
C.œǪ+2C1ěý=­ȍŦĚ2śAD.
êÅʍå/@CĢ.ifj,*"D9+1GI+øɒ+'$ 2Åʍʺ1CMN
1ʾï+.,,ŽADC9$SLM .-+_{fUǱrcGǺū
"DG"199ȾÁ! /ɢǡİǯ¯/ǫĸCěý/2Čː,2.A.ȾÁ
!Cěý/2³ΔCųŕ`+L^V1»ǵǓİD*9GI /C
`_1ÖǧǚĤ*9=,=,CGI/2QEP-GI/Ĭē$˗Yj_j1
Öǧ>2Åʍʺ1Œŋ?A/ʻCǡİƢ1 CMN/ķCɐŤ,'$Öǧ2.
1@/ɎC,CGI2ÅŒŋd.rc~_UGΔCȍʻė1 SPI+C,
­ɋ)C7+ESPI/ʻ*2Jd~~_U/¥ɠDCȌ ~_U1ƂΔ
əħ.ȾƵGC,Ɲ/ȐAD*CƯȓȡ1 2ȥ+"1Ǐʓ,ƻɳGɞ
1Ȯ1Ʃř/üȟGI1ǰʷGɠ 2/9,<C 
 
 
đ 15˘a˙ʑÅʍGΔC Th-GIÅĭȳ˚˘ b˙êʑÅʍGΔCCGI1Åĭȳ [47]˛
 
 
˟˟ 
*5: _{fUˈȾÁǫƞė1: 
*6: ȾÁǫƞė1:ǩǧǜŋ/µĬ$ǜÒɬɒGƪC 
ɠ 2 üȟGI1ǰʷ  ˛
 Yj_j ĠɐŤ ­ȍŨõŤ `_ ǜÒɬ 
QEP-GI     - 
Th-GI   -  - 
CGI  - -  *5  *6 
 
1.3.4 GIの応用と展開 
ɱ1ǰʷGǘ*ġ1GI1ŠΔȓȡĚăD*C´ 3CMNɐŤGǘ
$ƐǹĜ+1L^V [39] >ja]V [40, 41]]ec/@Cǖ
ʷğƈGΔ$XɄL^V [48] >ʉ®ǠíĪþĞ/2ǆ1ȍʻG=$!$íĪL
^V [49] .-+CCGIʻʣ+2ɥƖºƻÑč/@Bȁ.CɫŋAǯ¯1ʿŕGô
ś"1ŕŦĚA 3ǆÃÁGÍƿūC 3DL^V [50] >"1țçŤGǘ$
Ʀûåʠ¹ [51] .-61ŠΔĚăD*C+2ǰ/Ȣʺ,Ƣʺ1ň°ĭȈ.˒
«Ť/ȏȋ$ƢʺˏĘ+1GI [52] /(*ɮñC 
đ 16/ƢʺˏĘGIÅĭȳGȘ˘ a˙2ŚƲ1ȢʺˏĘ1 Th-GIÅĭȳ+BǏʓ1$
</Íƅ$ǯ¯ʑ¾+2 2ǆÃǯ¯GȢʺÒɬ+.ƻÑč+ǡİ*CD/ķ
˘ b˙1ƢʺˏĘ GI+2ɪǡķʂ,.CƢʺ¹û˘¦Ƣʺǯ¯,Ć5˙GƢʺÒɬ
+.ƻÑč+ǡİC+ƢʺÒɬÈ.ƻÑč,2ȌǙÅ/ŨŋGŻ
$.ƻÑč1,+BƢʺÒɬ1ɒÝ®ƻÑč,2®ĄǖƖĘ/ŨŋGŻ$
.ƻÑč1,+CÅǣ/2Ƣʺǯ¯@BèÒ/˗Ąǖ+ƊA+CƢʺȈ/LY
sj.=1GΔCD˘a˙+1 Th-GI 1ȢʺȈ._{fUrc/ķŠ
C"*ðǫʑ¾+2èÒ˗ʡ.ƻÑč A ,˗ĄǖķŠQ]_Yx+Åǣ1ƢʺȈ
?AGǡİC+1ǡİ1łĘń2 18 GHz,*Cƛǯ¯ʑ¾+2ˇǐÅ
ĭğɼč˘EOM˙G 10 GHz+ã²!ʫœ.ƢȳÓrc+žńğɼGɞ,/@B
Ƣʺǯ¯GǂƏ*C"1ǂƏ$˘ʝʧ˙ÅŒŋ2˗200 MHzȞŋ1ĄǖƖłĘ1
ƻÑčB+ƻÑDCƻÑčB1łĘ2Ƣʺǯ¯1łĘ/ķ* 1 / 50+C$<Ƣʺ
ǯ¯GǡİC,2+.˗ʡƻÑč A +śAD$Åǣ1?A,®ʡƻÑ
čB+śADCǡİ¹û,1ȍʻǥȬ/@BȌƃ/2ǡİ+. 10 GHz1ǂƏƢʺǯ¯
GÍƿūC,/ūÞ*C9$GI 1ĠɐŤGƢʺʑ+ıɳCɵ:,*
Ƣʺǯ¯1řǍ/ 29 m1ŒÒƕG=(~ekvILqGſÇ!*C1@/
C,Òƕ/@BÅ1ƢʺŠȪ®C$<˗ ĄǖūÒǟɡƢʺǯ¯2ƯƲ1Ŕ
AĢǉGõC2 +CƢʺǯ¯1řǍ/1@.ĠĬē*=È
ŕˋGõ.,Gıɳ*CGI +2ʞǆğåCd.rc/ķCŠȪ
˟ˠ 
 
1ğåGǡİ*C$<"1ŠȪÈ¯/ßFCİŃȈ.qLJ_2ƩȻȾƵ/ŕˋG
.A+Cß*ƘǴ [52] +2ƞȘD*2.ŚƲ1GIþǀ/CMN/
ķCɐŤ=C2 +C 
 
 
đ 16 ƢʺˏĘGI1ƾɦ˛˘ a˙ŚƲ1ȢʺˏĘ+1GI˘ b˙ƢʺˏĘGI [52]  ˛
 
 1@.ƢʺˏĘ+1GI2Ƣʺ¹û1ʷʌ˄©Ƌ® SNRǹĜ+1ʉ˗ʡǖŔ1ã
Ȉ.¹ûŜÃ/ƪΔ+C,D¢ř1ĽʹƭŗDC9$ƢʺˏĘ1 CGI 1Ƣʺ
Òɬɒ2ƻÑč+2.rc1Òɬɒ+Ǔ9C$<ƻÑč1łĘGĎC¹û1L
^V [53] ĚăD*C~eenƻÑčGΔ$ȢʺÓǡİ/@CƢʺǖ
Ŕ1]V]fjL^V [54, 55] .-=ĚăD*C 
 ƯȮG¦1@/9,<CŚƲ1ȢʺÒɬGI,ƢʺÒɬGI1Žã2Ȣʺ,Ƣʺ1
ʱŤ˘space-time duality˙[56, 57] Gʎ9C,ǸɬĳƟ+Cđ 17/Ȣʺ,Ƣʺ1Jl
^GȘ˘ a˙2ɕǽȢʺG©ƋCÅGȘ*CɕǽȢʺG©ƋCÅ2vn
ĎŴ/@BȢʺȈŉBG=(`/@BYj+C˘ b˙/2ĩʅG©Ƌ
CÅr_GȘÅr_2ĩʅ=(ɌʡŋÒƕ+r_ńŉC"D,2ʜ1
ɌʡŋÒƕG=(ĩʅ˘Ƣʺ`˙/@Br_ń1ǳȣåøɒ+C1@/
Ȣʺ,Ƣʺ/CÅ1Žã/2˒«ŤB"DGɎŪD3ȢʺˏĘ+ūȤC GI2
ƢʺˏĘ+=þǀ/ūȤCƩʗ+2`+Ȣʺ_Wğå!ADC,/ď:
Ƣʺʑ1_WGğå!*ƻÑč1ƢʺŠȪ1 5»1ÒɬƢʺGʨū!$,Ěă
=C [58]9$ƢʺȈ.ȍʻ¦Ġ/=ǖʷþĞ1ȍʻGΔ$ǖʷˏĘ GI˘ghost 
spectroscopy˙[59] .C=1=ƇƹD*C 
 
˟ˡ 
 
 
đ 17 Ƣʺ,Ȣʺ1Jl^˧˘ a˙êɚÅ1vnĎŴŹB  ˚
˘b˙ʉȒÅr_1ɌʡŋÒƕ  ˛
 
1.4 本研究の意義と論文構成 
 Ưȓȡ1ȋȈ2¦1ɑƤGʎ9ƒ<*]VuUaL^V˘SPI˙,
Űɟ1ɧȌ,ĽʹGɞ,+C+ɧȌ,ɮ'$ŧą2Ļ.,=íǸȈ.
ƚɨŤ,ʤĽŤC,ŢFDCʳĪȈZ_jL^V˘QEP-GI˙2Õ,*F
3"1Ǚ,*ǶD$÷ÊȈ GI>"1ř/ǶD$ɯȬǄ GI˘CGI˙11Òʲ+1ôB
ůFDƛGƗǸC,ŧą+CƝ/ʙ7$@/÷ÊȈ GI1+=_{fUr
cG"199ķʂǯ¯/ǫĸC Th-GI2ðǫʑ¾Åʍ/ 2ǆÃƍÁȷĪ1ʰɋɦɽ
DC,Ģ.ČːǧC=11`_ǨóĿÁ»ǵɲİ1ɕǽŋCMN
ɐŤ,'$(1ʷŭCȾÁė/*9,`_>Á»ǵɲİ
1ɕǽŋǚĤ*9CGI+2CMNɐŤÛĦD*9A/ǫĸrc
1ȿɯȈŤʅ,"1ǫĸĎƖ/@'*2ŚƲA1 SPI,ƯʅȈ/ğFA.-Eà
å$Á*9"+9 DA1ǧ/Ȁŧ(( SPI1ęȗǰŤ/ʻCȓ
ȡ 2¨Gɞ'$9$"D,2Õʟ/ŠΔȓȡ 2¨Gɞ'$đ 18/2"1@.ɑƤG
ʎ9$Ưȓȡ1­ɋ)Gʱɥ*Ș 
 ęȗǰŤ/ʻ*2Ȩ 2ȥ+ʇƶėL^V, SPI+śADCÍƿūÁ1ǾʅGƖ
¼ɯȬ@4ı˖1ˉ+ɴ¶$SPI,*2CGI,¥ɠȈ.~exfU_ǾÁô
śǕ+CJd~ğƈėL^V˘ HTI; Hadamard-transform imaging Ǖ˙,GǏʓƻɳ
$D2÷ÊȈ GI1ǙD/ķ*SPI,ɪǧ+ HTIGƀȌ$ȓȡ+C,=
­ɋ)ADC+1ȾƵ2ŚƲ1 1ǆÃ1ÒÅ_{Ujǡİ1ěý1ȾƵ,þǀ+
2C¹û/µĬ.˃ˊ+2~exfU_Jkqh^¸$D*Cøɒ
˟ˢ 
 
ŤC,Gƒ<*Ș*Cǆ/"1@. SPI1ȢʺÒɬ2ǫĸ~_Urc
1 1Ǿȷ1Ģ+ŘʡDCěýġ"1 SPI1ȢʺÒɬGĀ!Cɵ:1(,
*ǫĸ~_UG 1Ǿȷ¦+ʇƶCƚɨ.[wuUa]vjǕ1Ƈƹ,ıɳGȨ 3ȥ+
ɞ'$Ɩ¼ɯȬ+21Ǿȷ1 1 / 101ȢʺÒɬȕɹ+ı˖/*2ĎŴʽǿGʉ
Cǡİ1øɒŤGȘĊ$ 
 ŠΔȓȡ/*2Ȩ 4ȥ+ʉȲĵÒÅǕ+CiJYÒÅǕ˘DCS; dual-comb 
spectroscopy G˙Δ$pLr_{UjL^V˘ hyperspectral imaging Ǖ˙Gʹȅ$
DCS 2ÅYGΔ$ʉ˗ʡvOğƈėÒÅǕ,,+˗ĄǖƖȕŋ,Ą
ǖƖÒɬɒ,ǰʷGƪCDCS+2 1(1_{UjGśC$</[w GHz
Qd+ğåCLcvNVGôśCşɦBŠȪʡŋ1ǧ+ʠŃ1 2ǆÃ
ƻÑčGΔC,2øɒ+C"+˗ʡ.êƻÑčÖΔ+C SPI GĹÇ$
"1ȾƵ191.5 THz˘ ǖʷ 1565 nm˙ʗ¿+ 100 MHz˘ ~ 0.82 pm˙ʺˁ+YǱ/ĬēC_
{Uj1L^Gôś+C,GÔ<*Ș$+1ĄǖƖˏĘ/C[x
Vʺˁ2 20 MHz˘~ 0.16 pm˙+CA/LcvNVA­ȍ_{Uj
GȬÑC,+Crɝɓ˘ɓì 70 nm˙1ɓìÒŁǾÁGôśC,/ūÞ$ɁȨ
5ȥ+2­ȍɯǡ,ɪǧ+İʳ­ȍL^VǕ1(1Ŕũ+CĎŴ­ȍˑŝʶ
˘DPM; diffraction phase microscopy˙/ȏȋ$DPM2ŀʄ1ˑŝʶ/ÉʠÅʍėŅǞɯG
^,Ŕ+ȼ:ʖH+ĳƟ/ƿȰ+CD/@BǄƺȈžã.-1Ġ/ɐ
ŤG=(ˑŝİʳ­ȍL^Vøɒ,.CíǸȈ/Å1ÖΔâǵƽ<*®
"1$<ŚƲ2˗ʔŋÅǣ>˗ŨŋÏëRşɦ,D*$1ČːǧGɅĈ
C$<Ưȓȡ+2ÅĪɯƖǕGΔ$ SPIGĹÇC,+˗ Ũŋ.İʳ­ȍL^
VıǶ+C,GÔ<*Ș$9$ÅĪɯƖǕGΔC,+SPI+Čː,.C
ƻÑȳ1dLlfU^1Čː=ɅĈ+C,Gżƌ$1ŮǕ2ġǖʷþƢÒÅ
L^V61Ľʹƭŗ+C 
 9,<C,ƯɾƘ2]VuUaL^V/ʻCȓȡ,ːÈ 6ȥ+ƿ
ūDC2ȥ+2 SPI1ęȗǰŤɴ¶,*ɞ'$ǾʅǏʓ/(*ʙ7C3ȥ+2Ȣʺ
ÒɬɒĀ1ɵ:,*[wuUa]vjǕGΔ$ SPI/(*ʙ7C4ȥ+2iJ
YÒÅǕGΔ$pLr_{UjL^V/(*ʙ7C5ȥ+2ĎŴ­ȍˑ
ŝʶGΔ$ˑŝİʳ­ȍL^V/(*ʙ7CƩř/ 6ȥGȾɾ1ȥ,Ưȓȡ
1ūƵ,ĽƬ/(*ʙ7C 
˟ˣ 
 

đ 18 SPI/CƯȓȡ1­ɋ)  ˛
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第 2 章  
計算機ゴーストイメージングと 
アダマール変換型イメージングの 
再構成画像の比較
 
 
2.1 緒言 
 ČŐ"(SPI'¿ňĳëŴ;łŁ#!Žē½>dnLlF# SPI"ä698
ĕð;üűŒ5*Ìơ'tƜ"Ŵ	ĳ& SPI 'ñğ#!űŒĘHnM
V>dnLlFƣCGIƤ#~ũŁ%aiR_jSEMĻªäğ"8<QaniÃ÷
½>dnLlFƣHTIƤğ#;ĜƂ	Ő"Ƅ+Ƈ7CGI(ƐÈÊ&žĩ;2
 GI6ĢĹĀŅ'glQcaME;ĺİĂ;ĺ8#"©İƀ;rŬ
#ñğ"8	'5	% CGI"(ĀŅ'©İ#ċŅ'Ĳ#'ŜűŁńƔ&
57Ĳ;ĕð8	ŜűŁńƔğ"(Å''<lIl^iÕ»;Ũ	1
æÛq3Üţą8À¯&!ãď'Žē½>dnLlFƣSIƤ;ſ
8
ëŤä698#Ċá"8	oÿHTI (Ĉ2oŦŁ% SPI 'o"7<Q
aniaME#Ĳ;ƆƋčĄŕUnP#!ªä9Ĳ(ƅ<Qa
niÃ÷&57ĕð98	 
 HTI (ıƚƝ¤%#&aiR_jSEM<W[lTnL;ĉ8	'Ĭ&Ɣ
!üŁ%ńƔ;ĺ8 CGI2°Ė%("8åĻ'Ļż&!(9
.".7źŹ9!%	Ė% SNR 'ĸÁq&! CGI # HTI 'Ɠ
'ĕðĻ'ĜƂ(ƏŬ"8	 
  
ƩƯ 
 "ČŐ"(GlVgMVZ>NĜƣCNR; contrast noise ratioƤ#	Ɛ;Ë
ŠCGIHTISI 99'ĕð;ËƐŁ&üűŒ#Ìơ'tƜ6Ŵ
	ĈřŁ&SI&Ĝ+! HTI# CGI( SNRĸÁq"ĉĺ"8#;ŉ	 
 
2.2 計算機ゴーストイメージングとアダマール変換イメージング 
 .CGI# HTI'¨ķ [1, 2] &!Ŕ§%ŷĂ;Ũ		CGI&!KlFi
ReYiĔµ' ­ br ( 
                       (2.1) 
#!s
698	Ir (x, y) ( r ļł'glQc\PnlİĂ'ōƓÙė (x, y) "'Ü
ØÒ;T (x, y) (Ĳ'ƆƋĶÒ;ŉ	ŋ(ĲÕƜ S Ɯ&z8	ĲƆ
Ƌ T (x, y) ;ĕð81&2ę'ńƔƔü G (x, y) ; 
                  (2.2) 
#!ËŠ8	"  ( n ¶ħË'<lIl^iÕ»;ŉ	br Úƣ2.1Ƥ
"s
698#;šï8#Úƣ2.2Ƥ(n ;ÂÆ9) G (x, y)  T (x, y) &
ƃ #;ŉ	 
 oÿHTI'À¯Ĳ'İĂ&ĺ8 n 'aME(<QaniŨ6ð9
8	<QaniaME'Ĺð&(xƇ7Éº8	o(<QaniŨ'®Ũƣ2
(®Ƥ;ó99; 2 ęƎ&Ã÷aME#!ĺ8ÿğ2
	o(q&ŉĚŮŃ{¿×;aME#!ĺ8ÿğ"8	<QaniŨ 
H (®ŬŘ ± 1 "ĕð98ĚÿŨ"7®Ũ®(y&Ń{!8	
oŦ&Nę'<QaniŨ HN (q'ÿğ"ÓŁ&Ĺð"8	 
                 (2.3) 
                           (2.4) 
"l = 2, 3, 4, …, log2n"7⨂(EkYSBnŋ;ŉ	9;ĺ!n (= N2) 
'I>N N × N'aMEŨ Hij ( 
                      (2.5) 
  
Ʃư 
'īŒ6ĝ1698	"cj# ri(99¿×Ũ HN 'Ũi "7
cjri(96'Äŋ;ũ	'5	&!ä69 Hij 'v' -1 'ŬŘ; 0 &ş÷
8#"01 '[>XhaMEä698	%HN 'Ũ.(;ĠüƟ*7 &u
+ć
8#Úƣ2.5Ƥ57Ũ#Ġü'āƟ&ý8Ń{Ũ;ä8#"8
ƣ?@iKf<QaniŨƤ	96 2'Ũ(°üÊŁëż;2>dnL
lF&!())âŢ'ÿ:9!7ČŐ"2âŢ;ĺ	 
 ¸ 2.1ƣaƤƣbƤ& CGI# HTI"ĺaME\Pnl'o#!N = 4'À¯'
2';ŉ	"ù1!aME'ŬŘ (p, q) ;ĲƜp"'ōƓÙė (x, y) &Îê
8#&8	16'glQcaME\Pnl Iij #<Qani\Pnl Hij (
99 CGI# HTI"ĺ8	CGI"(\PnlİĂ Iij ;ĺ!Ĳ;ƆƋ (i, 
j) ļł'aME\Pnl'ŬŘ (p, q) &Îê8­(!!"#$⊚ !!""s
698	
"Iijpq # Tpq (99Ũ Iij # T 'ŬŘ (p, q) ;ŉ⊚(ŬŘ#'ŋ
;î³8	°Ė&HTI"(Hij;ĺ!Ĳ;ƆƋ (i, j) ļł'aME\P
nl'ŬŘ (p, q) &Îê8­(!!"#$⊚ !!""s
698	 
 !CGI&!((i, j) ļł'glQcaME;ƆƋKlFiReY
iĔµ"Ĕ98ŝ­ÜØ bij (q'5	&ŲƄ"8	 
                          (2.6) 
 (i, j) &Ɣ!¯ű n (= N2) ¶'oƉ'ħËâ (i, j) ; r = (1, 1), (1, 2), …, (1, N), (2, 1), 
…, (2, N), …, (N, 1), …, (N, N) ##Úƣ2.1Ƥ57ůħ`EVi brä698	'
śĒĲ Tpq Úƣ2.2Ƥ&ŉÜØńƔ&5!öË"8	 
oÿHTI'À¯((i, j) ļł'<QaniaME;ƆƋ(KlFiReY
iĔµ"Ĕ9'ŝ­ÜØ wij ( 
                          (2.7) 
"s
698	CGI°Ė& n (= N2) ¶'ħËâN2 'ŬŘ6%8ůħ`EVi w 
ä698	Ĳ'ƆƋĶ`EVi; t #8# w = HNt 'Ɣðŏ8'"ƅ<Q
aniÃ÷ t = HN-1w &57t ŰĐŁ&ĝ1698	'5	&!ä`EVi 
t ; 2ę&u+ć
8#"ĲƆƋĶ&Îê8 T ªä"8	 
 
  
ƪƧ 
 
¸ 2.1 N = 4'À¯' 16' 4 × 4'[>XhİĂaMEƦ 
ƣaƤglQcaMEƥƣbƤ<QaniaMEƦ 
2.3 数値計算 
 üűŒ&57CGI# HTI; SI#ĜƂ	ŪħËÎŻĲ(¸ 2.2ƣaƤ&ŉ
ĚÿÞƒ«ƣÄÞ 64 × 64ĻŘƒ« 10 × 10ĻŘƤ#ƣ¸"(vèƍ' 24 × 24Ļ
Ř;ó!ŉƤ	.(1&ĔµZ>N&58ßƞ;ŇŶ81Ĕ
98ĄŕUnP&|ĭŁ&Z>N;Əľ SNR ;Ã¥8#"ĕðĻ'
ĜƂ;Ũ	"(Z>N#!C?MZ>N;ĺ	C?MZ>N'Õ»
( 0û σ2 ( 9 × 10-8#	!Z>Nj`i; 2σ = 6 × 10-4&¹Ë­
ÜØ; 1.8 × 10-56 2 × 10-2&Ã¥8#"SNR( 0.036 33#%85	&ų
Ë	.'üűŒ#!İĂaME&Z>NģÀ¯;íË	
"(pŲĔµZ>N&¡
aME\Pnl'®ĻŘ&99Ľ%C?M
Z>N;[SEFg?lWZ>N#!Əľ	 
 
2.3.1 検出部にノイズを重畳した場合 
 ĜƂ'1&3'ñğ&!§ĄƓm§ĻŘ7'ÜØADÃ÷8
ĄƓŎƣCGI / HTI"( 1\PnlİÏĄƓƥSC"( 1Ĭ'ħËĄƓƤ!aME'
İÏ¶ü n ;°&	%:Ļ 1 đ;ħË8ĄƓ(°"8	!
ĕðĻ'ĻżĜƂ'łŁ"GlVgMVZ>NĜƣCNR; contrast noise ratioƤ;q
'5	&ËŠ	 
                         (2.8) 
"A#M(ĕð'ƒ«Ơ¾#aMEƠ¾'ÜØ'ōƓÕ»"7
σA2 # σB 2 (99'û"8	 
 ¸ 2.2ƣbƤ& 3ñğ"'ĕðĻ;ŉ	CGI"(n = 4,096# 100,000'À¯;
ŉ!892Ļ' CNR( n Â¡8&ã±p8	.CGI# HTI
  
ƪƨ 
'ĕðĻ' CNR (SI &57ĕð92'&Ĝ+!±p!8#2
8	"ġł+Ĭ(Ƣ SNR q&! HTIƣn = 4,096Ƥ'ĕð' CNR
 CGIƣn = 4,096Ƥ&Ĝ+!Ƣ. SNRq"(,-°ő#	#"8	
'śĒ(ę'#;î³!8	CGI "(glQcaME'Ń{ëßƞ81
üńƔ;ŧÇ&Ũ	1&( n ;Æ8#;éŬ#8	9&Î!HIT
( n ;Æ%#2aMEŃ{"8w&¡
ƉŏÿŊÚ;Ű#"ŰĐ
Ł&ĜƂŁĚŇ%Ű;ä8#"8#	#"8	 
 6&ËƐŁ%ĜƂ;Ũ	łŁ" ¸ 2.3& SNR&Î8CNR';_kSV	
_kSV'®Ĭ(¸ 2.2ƣbƤ'9&Îê!8	'śĒ(Ƣ SNR q&!
HTI( CGI;p¶8 SNRƠ¾&!( n Â¡8# CGIĉĺ"8#
;ĂŇ&ŉ!8	.ĳçŁ%Ĭ#!HTIƣn = 4,096Ƥ'ĆŞ(Ơ¾&
! CGIƣn = 4,096ƤĆŞ;p¶!8	6&HTIƣn = 4,096Ƥ'ĆŞ(SNR
0.9;ſ
8 CGIƣn = 100,000ƤĆŞ572p&ş!8	}¶'À¯HTI"(°
 CNR ;ƌð81&éŬ% n ' CGI 'Ŗ 24 ' 1 "8#;î³!
8	Ýį%6'Ø¯(Ĳ&ÜÉ8	 
 
 
¸ 2.2 ĔµƚƝ;šïÀ¯'üűŒśĒƱƣaƤŪħËĲƣ( 64 × 64ĻŘƥƒ«
ƍ( 10 × 10ĻŘƤƥƣbƤSIƥCGI (n = 4,096ƥ n = 100,000)ƥ HT (n = 4,096) ' SNR 0.03ƥ0.1ƥ
1.5ƥ5.9ƥ33'À¯'ĕðƦ 
 
  
ƪƩ 
  
¸ 2.3 ¸ 2.2'À¯&8®ñğ'Ė% SNR&Î8 CNR'űŒśĒƦ 
 
2.3.2 マスクにノイズを重畳した場合 
ę&ĔµZ>N&¡
!aME'®ĻŘ&Z>N;Əľ	śĒ;¸ 2.4 &
ŉ	üűŒ'Ď(¸ 2.2ƣbƤ'À¯#°#	aME&Z>N;Əľ8
#"!'Ļ'ż(¸ 2.2ƣbƤ&Ĝ+!ì¥	9(§ŗ&Z>N'ŝƐÂ
¡1"8	.¸ 2.5 &¸ 2.3 #°Ė& SNR &Î8 CNR ';_kSV
	'śĒ(Ƣ SNRq&!HTI( CGI;p¶8 SNRƠ¾&!
( n Â¡8# CGIĉĺ"8#;ĂŇ&ŉ!8	 n ;¹Ë8#
HTIƣn = 4,096Ƥ'ĆŞ(Ơ¾&! CGIƣn = 4,096ƤĆŞ;p¶!8	6&
HTIƣn = 4,096Ƥ'ĆŞ(SNR = 0.9p'Ơ¾" CGIƣn = 100,000ƤĆŞ572p&
ş!7'#(œ°Ė&° CNR ;ƌð81&éŬ% n ' HTI
"( CGI 'Ŗ 24 ' 1 "Ĥ0#;î³!8	3(7'Ø¯(Ĳ'
ƆƋĶ&ÜÉ8	¸ 2.5(¸ 2.3#°Ė& CNR;_kSVśĒ"8	SNR
&Î8 CNR'ô£(!'À¯&! CNR'(33ì¥!82''
"&Ƅ+śĒ#,-°±;ŉ	'ì¥'ŊØ(ƒ«'Æ&É8	
ƒ«ƛÔ&ÑĄHTI SI#ÌżŁ&°#%8#;šï9)'ô£(
ķŰ"8	 
.""<QaniaME;ĺńƔīŒ"ĕð;Ũ	#$'5	&%8#
	Ŀ´Ĺ8	9;ŇŶśĒ;¸ 2.3#¸ 2.5'99&HMƣn = 4,096Ƥ
#!Ų!8	'śĒHMƣn = 4,096Ƥ'ĆŞ( CGIƣn = 4,096Ƥ# HTIƣn = 
4,096Ƥ#'vƓ&ş8#	 
  
ƪƪ 
 
 
¸ 2.4 ¸ 2.2"šïĔµƚƝ&¡
!aME'®ĻŘƆƋ&2ĵŏ&ƚƝ;Əľ
À¯'üűŒśĒƣűŒĎ(¸ 2.2'À¯#°#ƤƦ 
 
 
¸ 2.5 ¸ 2.4'À¯&8®ñğ'Ė% SNR&Î8 CNR'űŒśĒƦ 
 
 
 
 
 
  
ƪƫ 
2.4 実験装置の構成 
 ¸ 2.6&Ìơūş'ĕð;ŉ	î'aME\Pnl'İĂ;Ũ	1&2Ɓ'C
i[Zbgn#¦ÐjnJƣLD, emission wavelength; 635 nm, maximum power: 600 µWƤ
"ĕð9MDeXƣtype PC140015, OPUS Microsystems Co.Ƥ;ĺ	bgn'
Ńà( 1.2 mm"7bgn'õ²Ġü(ƈƁƊƁÿ±"99 13,580 Hz
1,565 Hz"8	1\PnlÝ7'İĂĄƓ( 300 ms / pattern#	İĂ(jlN
1ƣL1, f = 100 mm, F = 3.9Ƥ&57GhdnVâĲ&İĂ98	śĒ#!
ƨĻŘÝ7'İĂ\Pnl'Æ(250 µm / pixel#%	"aME'I>
N( 64 × 64 pixels#	Ĳ;ƆƋč(jlN 2ƣL2, L1#°oƤ&57ƙ
9Si-PIN]@VQ>AnWƣtype S5971, frequency bandwidth: 100 MHz, Hamamatsu 
Photonics Co.Ƥ&Ï	' ­(ĄËü 1 µs'kn\M]=iP;Ś!
<XkF-ULPiÃ÷µƣtype PCIe-6320, resolution: 16 bit, sampling rate: 250 kHz, 
National Instruments Co.Ƥ& 	¸ 2.7ƣaƤ&(ŪħËĲ#!ĺ 5 × 5 
mm 'ĚÿÞÞĴ'ƒ«;ŉ	ªäĄŕUnP' SNR ;úî&Ã¥81&
ÏƐ; ND ]=iPƣNDFƤ"Ÿý	'Êŕ'OSV<S_" SICGI
HTI;ŵ/	 
 
 
¸ 2.6 ÌơÊŕ'^kSE¸Ʀ 
 
2.5 実験結果と考察 
2.5.1 画質比較 
 ¸ 2.7 &SNR ; 8 ěƗÃ¥%6ªäĕðĻ;ŉ	'śĒ6
85	&oƉ'śĒ(¸ 2.2¸ 2.4"ŉüűŒśĒ#,-oť	SNR
À¯' SI'Ļ&(MDeX&ž·8¼Ńÿ±'Ƒ²ĊŁ%ÜØ46&
58Z>N'ßƞŭ698	oÿ CGI# HTI"('ø6'ßƞ(ª7Ɩ#
"!8	  
 
  
ƪƬ 
 
¸ 2.7 ÌơśĒƱƣaƤŪħËĲ#!ĺƒ«Ʀƒ«'Æ( 5 × 5 mmƥaME'ƨĻŘ
'Æ( 250 × 250 µmƦƣbƤ® SNR&8ĕðĻƦĻŘü( 64 × 64 pixelsƦ 
 
2.5.2 コントラストの定量評価 
 ®ñğ"ä69 CNR '; SNR 'Ɣü#!_kSVśĒ;¸ 2.8 &ŉ	
9623(7Ā&ŉüűŒ#°Ė%±;ŉ!8	%Ìơ"(SNR 
0.03 ċĨ"(Ļ;ĕð8#("%	%n ;Įƕ&Â¡! SNR
;Â¡9) CGI# HTI' CNR(¨ķŁ&( 1&ƃ ("8	 
 
 
¸ 2.8 SNR;Ã¥#'®ñğ"ä698ĕðĻ' CNRƦ 
  
ƪƭ 
2.5.3 考察 
 ČņŌśĒ57CGI# HTI(SC&Ĝ+Ƣ CNR;ŉ#ŇŶ9	
!96'ñğ;ĺ9)§ĄƓm§ĻŘ7'ÜØ'ĥ¬Ť#
%8	%:æÛq"'ħË3ƛŞÞ¢Ē'ò%$Ċá"8	 
 Ìơ"(ÍĦĸÁq"ĠƑ 635 nm'jnJQ>AnW;ĩ#!Si - PIN]@
VQ>AnW;Ĕµ#!ĺHTI# CGI'92aiR_jSEM<W[
lTnLŇŶ9	­#(ĵŏ%6'ōƓŁ%ƚƝģ!1#š

698	 
 
2.6 結言 
 ČŐ"(SPI'¿ňĳëŴ;łŁ#!űŒĘHnMV>dnLlFƣCGIƤ#
<QaniÃ÷>dnLlFƣHTIƤ'ĜƂ;Ũ	ĜƂ'¿Ī#ñğ(Žē½>
dnLlFƣSIƤ"7 SNR;Ã¥%6üűŒ#ÌƘ'Ìơ"Ŵ	
'śĒq'#;ŇŶ	ƨƤ°o'ħË¶ü n %6)HTI &57ä698
ĕð' CNR( SNRĜƂŁƢÀ¯( CGI'9;p¶8	ƩƤoÿ SNR
ĴĞ"(CGI ( n ;î&ÆųË"81ĉ#%8	'#(æÛ
&Îêă#2
8	oÿHTI"(ÌƘ'ķp n'ųË&ƕ	ƪƤ
CGI# HTI'92 SI#ĜƂ9)ŧÇ%åĻ;s
8	'ŊØ(
Ĳ'ÖÊŁÞĴ#ÊŁĳë&É8	 
 
ČŐ&Ɣ!ŀũŹþ 
K. Shibuya, K. Nakae, Y. Mizutani, and T. Iwata, “Comparison of reconstructed images between 
ghost imaging and Hadamard-transform imaging”, Optical Review 22, 897 (2015). 
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第 3 章  
擬似逆行列演算処理を用いた 
サブピクセルシフト方式巡回アダマ
ール変換型顕微イメージング 
 
 
3.1 緒言 
 ­Ƅ%	 SPI' 1ŋ&OgHYq@kuNtI&ÚÁ"ÂŇ%¿%ä
$ǩǯx!'hqUerVHO?Z_tWuN9 8½ƟČ8"<Ž
	ķƄ!'@kuNtI%	8ƂǢ¨ƴ%ŷų8	SPI!&ƂǢ¨ƴ'şį
hOH`Sut& 1 ŪƐ&ß!ĂǓ98ÚÁÞ	& SPI &ƂǢ¨ƴ<Äw
8ƻ0&v" ķƄ!'şįhOH< 1 ŪƐx&ǢǦ!ǅĿ8ĬƱ$L
dbHQqMcYŔ&ġŁ"èƹ<ƨ	
 ƪŲ$ SPI" HTI" CGI8HTI!'ìǁŠ&Ū<?ThuqÜ
Ģ%5 ƴļŲ%¥ņđ!8	3:=şįhOH&ƖĨŠ&ǐǖŤǼ/
'¹íŤǽşįhOH&ƕƵŲšČ	5)^@PšČƇ<ƝĐ Őǉ8ĊƯ
82Ƅ!3ǎ,5%HTI'Š<ĳǤÎĨ&şį!ƴļŲ%¥ņđ!8
2Þ&ŨǑ%ĳ«!8	&5$Ŧũ
6!' HTI %ŷų	&|!
3vƢŲ%Ũ9 8ADqMm-?Thuqƨ©!'$òÎ?Thuqƨ©
ǼCHM; cyclic Hadamard matrixǽ[1, 2] <Ũ@kuNtI<ƻ0	&Ŧũ'Ń
§Í&T@[iVHrtN&ËǴ<ƘÊ82!8	CHM&hOH`Sut'`
Sutŏ&ƂǢÇŕĨ¨õ/7Ü³$	$;ìǁŠ&ǐǖŤ¨õ&Ā
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ǰ</7»Ń§Í
6ą698ıƏ©XuS&Ĝö'-#Ü²$	
&2Ń§Ə&ƙǈ¨ƴƟ<ĳ±%ŗŨ!
$Ü³<Ğ698	° 
&hOH`Sut&ŧđ"èƬéİ!8	 
 &5$ SPI !ƂǢ¨ƴ<ǹ Š<Ʋř82%'şįhOH&´Ū
Ɛ&ß<ï8ĊƯ8	
&5$hOH&ƭ'ŠŦŲ3
'ĕƩŲ$Ŧũ!¬Ǥ98"Þ	&ËǴ<ƴŒ8v&ĳĵ$ēŔ"
 LdbHQqMcYǼSPS; subpixel shiftǽŔě698 [3-5]	SPS%5 ƂǢ¨
ƴ&ÄwĶā!89/!&ÙÆ!'ÓƚQtMtI&ĕƩ<ģŨ 8
ÞřçƎù%ËǴō8	/SPSŔƠ%3Ǝù&ËǴþŞäÔ 	 
 ķƄ!'LdbHQqMcY<ŨòÎÖ?Thuq@kuNtIǼSPS-CHIǽŔ
<ġŁ8	vƢŲ$ SPS Ŕ&Ęü_uNnt!Ē NSPS Ŕ"ÃēŔ"@
tSupudĭú& ISPSŔ"ÃēŔ& 2<ĬƱ%ġŁ8	ISPSŔ!'şį
ŉņ&·ë$ƿĩńƘÊ!8	6%Ū&¥ņđ%ĦǏƨ©Ŕ [6-9] <î
¡8"!Ĳï~Ŕ&ďÈ!ǹřçƎùèť!8	x!'96&¶
Ŧ<ǎ,ăĨƵƈ"èǧ&èǸ&{Ǯ
6ġŁēŔ&ĳ±Č<Ž	6%ş
įhOH!'$ƫřçŠ&3&<McY9(åƏ&ÎėǤū<ǆ8ř
ç&½ƟČ8"3Ž	 
 
3.2 動作原理 
3.2.1 巡回型HTI 
 /òÎ?Thuqƨ©<ŨĄĺ& HTI % ƌ´%ƾį8	Ñ 3.1Ǽaǽ
'řçMOWj&ŅƯ!8	ņđ'şįŨesNBHS
6ŧđ98 N& CHM
hOH Mi (x, y) (i = 1, 2, …, N)ƫřçŠ O (x, y)ǼxŠǽ MtIqUl
]qŃ§Í
6đ8	!hOH&űǛ¨'<ǐǖǻǛ¨'ǚ8	
Ñ 3.1Ǽbǽ% N × N&òÎ?Thuqƨ© H<Ž	iŭų&ƨfHYq'(i - 1) ŭų
&ƨfHYq<¾% 1 ƯƐòÎMcY3&!7ÀƨfHYq< 2 ŋ%Ü
ÿ8"!N& n × n (= N) &şįhOH<8"!8	$	hOH`S
ut&ű"ǻ&Ǜ¨'?Thuqƨ©&-1 " 1 %ìċ 	7ă!î¡8ĦǏ
ƨ©!'96' 1 " 0 %ìċ8	/Ĳª&¢Ǯǻ&hOH"&hOH&ó
w&Ƴ%Ɯ8ǻŪƐ'Ū¥ņđ%êz$2Ũ$	&2n × n 
(= N) &Ōĭƨ©' u × ν (= N - 1) &Ǡĭÿƨ©%¥ǜ©9èǧ&şį'Ñ 3.1Ǽbǽ
&¾%Ž5% N - 1&Ǡĭÿ"$8	!' u > ν"8Ǽ&ƼƑ'ŋ
Ɗ!LdbHQqMcY"&ǣ&|!¥ùƷǎ8ǽ	/2ŋŠ O (x, y) '
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Ñ 3.1Ǽcǽ%Ž5%N × 1&ƨfHYq O"ƪ98	ÀhOHşį%	 
Š<ǐǖ&ýù'MtIqUl]qŃ§Í!řç9ƔĽŲ% N &ıƏ©
XuS"$8	&ǖſ' N × N&ƨ© H" N × 1&Š&ƨfHYq O"&Ɓ" 
ƲřfHYq Y<Ũ Y = HO"z698	&2Ū' O = H-1Y!z6
98èǧ%' H-1 = HT!82H-1Y&;7% HTY / N<Ƶƈ9(5	

ƂǢ¨ƴ'hOH&ŪƐ&ß!Œç982ŪƐL@P57Ƒ
ņǔ<
¨ƴ8"'!$	 
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Ñ 3.1ǼaǽòÎ?Thuq@kuNtIMOWj&ŅƯƾį,Ǽbǽƨ© H
6 N& n × nhOH
	5) (N - 1) & u × νǠĭÿhOH&đĭŔ&ƾįÑǿ!ǾN = n2, (uν = N – 1).Ǽcǽn × n
&Šƨ©
6 N × 1&Š&ƨfHYq O&đĭŔ&ƾįÑ,ǼdǽY = HO&ƨ©Ƶƈ&ÑŽ,
ǼeǽO = HTY&ƨ©Ƶƈ&ÑŽ. 
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3.2.2 サブピクセルシフト方式巡回アダマール変換型イメージング 
(SPS-CHI) 
[SPS-CHI 法] 
 SPSŔ%	 'şįhOH&´ŪƐ' xyǈ%œ qƇ¨98	ŠǼ/
'hOHǽ'hOHǼ/'Šǽ"ŵìŲ% s (= 1 / q) OWVe! 2ŋŲ%McY
ÁƵ! q2Î&řç<ƨ	&5%´ŪƐx!McYřç8"
!ƔĽ" ƂǢ¨ƴ' q "$8	
&2%'Ǝë
Ōż$ SPS &ĥ
ő2698	 
 !Ĳª%ġŁ8ĭŔ'^uhq SPSǼNSPSǽŔ!8	9< NSPS (p, s) "
ƪƷ8ęû¤& p" s'99 SPS<ƨǳ× p (pixel) " SPS&McYǢǦ 
s (0 < s < 1) (pixel) !8	(NSPS (1.0, 0.1) ' p = 1.0s = 0.1!7xyǈĭ
Ä+&ƖMcYÎĨ'99 q = p / s = 10!8	ġŁ NSPSŔ'Ąĺ& SPS
Ŕ"Â%ư8
39$	
NSPS!'NSPS (2.5, 0.1) "Ƹç½
Ɵ!8	(p = 2.5s = 0.1q = 25 $#!8	vƢŲ%&5$ SPS&Ƹ
ç!'´ŪƐ<ǆ8McY (p > 1.0) "$7Ąĺ&Ǐ?ThuqÜĢ!'<¥ņ
đ8"Ïǫ"$8	9'ŧđ98ƨ©Ōĭ!$$82!8	° 
ăǎ8¥ņđ98ǳ×' SPS%57 2pŪƐŘð /	&5$Ŧ
ũ
6Ąĺ& HTI Ŕ<&//î¡8&'éİ!'$	&Ïǫ< Ĵ82
%ķƄ!'ĦǏƨ©<Ũ¥ņđēŔ<î¡	&ĭŔ'èǃŲ%Ĳï~
Ŕ"Â!7ƔĽŲ%řçƎù3Äw698	 
 ŋ%2ų& SPSŔ<ġŁ8	SPS%	 ( p = 3.0s = 0.3q = 10&5
$Ƹç&ÚÁ<Ɲ8	&"SPS'ŵìŲ%ƍOWVe! 3ŪƐ<ǆ8Mc
Y"$8ž²ŉņ&ŉłŲƎù<-#ĊƯ"%Ƹç9OWVeǢǦ s <
ǆ8ǹƂǢ¨ƴ<z8	&Ƹç'ƔĽŲ%NSPS (1.0, 0.1) !z6983&"
Ƈ$7@tSupudÖ SPSŔǼISPSǽ"É*"%	wƷ&ÚÁ' ISPS (3.0, 
0.3)q = 10"ƪ( ISPS (3.6, 0.3)q = 12&5$Ƹç3½Ɵ!8	&5
$ÚÁ%	 'Š&¥ņđ&2%'ĦǏƨ©śƈĊǲ"$8	/NSPS
&ÚÁ"ÂŇ%Ʋřǳ×' 2pŪƐŘð /	 
 ġŁ 2&ēŔ&}$ǘ'ƖMcYǞ!8	NSPS&ÚÁƖMcYǞ'ȁŪ
Ɛ!7ĊƯ%5 1.54 2.0ŪƐ%8Ƹç3½Ɵ!8	9%ìISPS!'
@tSupudLteptI<ƨ&!ȁŪƐw&McYĊƯ!8	

wǎ5%1ŪƐÂŝĨ!LteptI9ÚÁ%'ÂƔĽ<z8	h
OH&McYÎĨĨĭſú<ƴ2%ĊƯ$Ĩ<ǆÚÁĦǏƨ©<î¡
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 ¦Ŧ8"!Ĳï~Ŕ&ďÈ!¿ìǩǯŐ<ħÌ!8	$	
ISPS ' NSPS 573¦ŦƮǩ!'8SPS &Ƿ²kF\Pj<ƘÊ!8½ƟČ
8	 
 Ñ 3.2 % SPS-CHI Ŕ&¦ŦēǱ<Ž	­Ɗ!ǎ,ǒ7şį%Ũ698èǧ&
hOH' N – 1& u × ν (= N – 1, u > ν) &Ǡĭÿƨ©!8	hOH&ƨ©"Š&ß
'Â!8"çŠ'Ñ|%Ž5%ǄƤ&ľƗ!Ð;9ǺƤ&ǳ×"
8	!'ƾį<ƌ´%82%Òç9Š%ì hOH<McY
"8	/N – 1 & u × ν&òÎ?ThuqhOH<99şįhOH<
xǈĭÄ%- p / 2 
6 p / 2 /! s (0 < s < 1) ŪƐǢǦ!LdbHQqMcY8	9
< q ( = p / s) ÎpŪƐ%7ƛ7Ǎ"!N – 1&hOHşį99Ldb
HQqMcY<ƨ"%$8	ÂēǱ< yǈĭÄ%3ƨ	ĲƒŲ%2ŋ%	
8ƖLdbHQqMcYÎĨ' q2"$7Ʋř9 q2 (N - 1) &ıƏ©XuS
6
ƲřfHYq Yÿđ98	 
 
 
Ñ 3.2 SPS&ƼƑǿǺƤ!ŽŠ%ì Ǿp / 2ŪƐ6hOH< sŪƐ x, yǈ
ĭÄ%McYřç<ƨǼÑ' p = 1%ŵþ8ǽǿ&"ǾMcYÎĨ'Àǈ qÎ!7Ǿ
Ƶ q2Î&McY<ƨ"!ƲřfHYq Y<ą8ǿ 
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 [NSPS 法] 
 Ñ 3.3% NSPSŔ&¶Ŧ<Ž	ƾį&ƌŬ³&2% 5ŪƐ!ņđ98 1ŋhO
H<Ďç6ŪƐ
6đ8 1ŋŠ< xǈĭÄ%LdbHQqMcY8ÚÁ<Ž
	!'1ŪƐ< q ȋ 10 (p = 1.0, s = 0.1) ¨®	$; NSPS (1.0, 0.1) !
8	ÀLdbHQqMcY%	8LteptIŝ'ÀŪƐ&|ĉǛ&Ǆŝ!Ž
 8	McYÎĨ q&ƋÐ' q = 0 ~ 9!7q = 0&"McY'ƨ;9$	
&5$Ĺ!'Ñ&xǛ%Ž5%Šw&ó
6 2 ŪƐų
6 5 ŪƐų/!
&ÀŪƐ10 ŝ&LteptIŝ!ƇǢǦ%¤ĝ98	 ĲƒŲ%Ñ|
&ŜƤ&ǳ×!Ž 4ŪƐ 0.1ŪƐ&LteptIǢǦ!¥ņđ98	
¥ņ
đ98ǳ×'{ƅ! 2p = 2.0¨Řð /	
$6hOH&ß
uǼ/'ǽ'Ǚù%ßƸç8ÚÁÞ2&ƀ&ŪƐXuS&ŊƧ'
-#ß$ËǴ"'$6$	 
 
 
Ñ 3.3 1ŋ NSPSŔ&¶ŦÑǿwǛ 10ķ&èƗ' 1ŋhOH<Ž 	7ǾǄŝ'Ltep
tIŝ<ǾŜƤǛ'¥ņđ%ĳ±$ǳ×<ŽǿMcYǢǦ s< 0.1"8"ǾĲƒŲ% 1ŪƐ'
10ŪƐ!¥ņđ9ǾǹƂǢ¨ƴ½Ɵ"$8ǿ 
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[ISPS 法] 
 Ñ 3.4' ISPSŔ&¶Ŧ<Ž	Ñ 3.3"ÂŇ%8ŪƐ!ņđ98 1ŋŠ<Ďç
5ŪƐ!ņđ98 1ŋhOH< xǈĭÄ%LdbHQqMcY 8	Ñ|
&Ǆŝ'LteptIŝ<Ž 8	!'p = 3.0s = 0.3q = 10ISPS (3.0, 0.3) 
"Ƹç!&²<Ž	&ƔĽŠ&ó
6 4 ŪƐų" 5 ŪƐų&ÀŪ
Ɛ 10ŝ&LteptIŝ!¤ĝ98	9' NSPS (1.0, 0.1) &ÚÁ"Â!8	
&5% ISPSŔ'@tWupud&ēŔ<Ũ8"%57LdbHQqMcY&
OWVeǢǦ s573ţLteptIǢǦ<èť!ǹƂǢ¨ƴ<36	

&!' p = 3.0&LdbHQqMcY&2¥ņđ98ǳ×' 2p = 6.0¨
Řð /	 
 
 
Ñ 3.4 1ŋ ISPSŔ&¶Ŧǿ@tSupudĭú<Ũ8"!Ǿ0.3ŪƐ&McY%ì 0.1
ŪƐ&LteptI½Ɵ"$8ǿǿ¥ņđ98ǳ×' NSPS"6, Řð8ǿ 
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3.2.3 擬似逆行列演算処理を用いた画像再構成 
 SPSŔ%	 'hOH&şíƋÐřçŠ&ƋÐÝ3'Ʋřǳ×Ý"$8
hOH&ƜäÔ8	96'Ū&¥ņđ%êz8"!$2&
SNR <x8ÚÁ8	 şįhOH&şíƋÐ'Ū&¥ņđ%ê
z8ǳ×&0",!8	&2hOH&ƸƵ"ĦǏƨ©%58Ū¥ņ
đ&çú³ĊƯ!8	$;&5$č<6
2ƝĐ&ß$
?Thuqƨ©
6şíhOHƨ© Ψ <ő2 	ĊƯ8	!'Š&ƨ©
L@P'şíhOH&9"Â"ÒçŠ%ì şíhOH&LdbHQ
qMcY<ƨ3&"	 
 LdbHQqMcY'xyǈĭÄ%99 qÎpŪƐ&ƋÐ%7 sŪƐǢǦ!
ƨ	$;ƖLdbHQqÎĨ' q2!8	
LdbHQqMcY<ƨ;$
ȁÎųÅ/98&!èǧ%' q2 - 1!8	LdbHQqMcY&ÀƜ%	 
N - 1
6đ8vǕ&hOHşį98	Ñ 3.5Ǽaǽ%Žó& 2&Ñ'Ǆľ
Ɨ!ŽŠ%ì8şįhOH&ƜǼLdbHQqMcYǡâ"ƒıǽ<Ž	Ǽaǽ
&|à&Ñ%Ž5%96 2 &Ñ!Ž98è±Ų$ǳ×&ƨ©&ß'
& u × ν57ï (u – p) × (ν - p) "$ 8	&ǳ×!'1ŪƐ7&Lt
eptIŝĨ' NSPSISPS£% q2"$8	$;şíhOH& 1ŪƐ< xyǈĭ
Ä99 q ¨® LteptI8"!ƔĽŲ%ŪƐĨ' q2"$ 8	
&296'Ñ 3.5Ǽaǽ&¾%Žƨ© Ψ& q2 (u - p) (ν - p) &ƯƐ
6$
8Ɔvƨ"ĲƒƨfHYq" z698	 
 ŋ%ĦǏƨ©&º7Ĕ!8x&5%$8	/q = 0ǼSPS$ǽ&
ÚÁN - 1& u × ν&hOHşį98	&ăLdbHQqMcYŏ% q2ÎÂ
Ň&şį98	ƖşįÎĨ' q2 (N - 1) "$7ƔĽŲ%ƨ© Ψ&ß' q2 (N - 1) 
× q2 (u - p) (ν - p) "$8	Ñ 3.5Ǽbǽ%&ĦǏƨ© Ψ†<Ž	&ß' q2 (u - p) 
(ν - p) × q2 (N - 1) "$8	Ñ 3.5Ǽcǽ'¥ņđ&çú³<Ñ!Ž3&!8	Ū
<ƪƨfHYq' O = Ψ†I!z69ß' q2 (u - p) (ν - p) × 1"$8	 
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Ñ 3.5 şíhOHƨ© Ψ&î§ǿǼaǽóȊÑ'ƫřçŠ"hOH&Ɯǣ<Žǿx, yǈ
ĭÄ99%	 -p/2ŪƐ
6 p/2ŪƐ/! sŪƐǢǦ! qÎMcY8ǼÑ' p = 1%ŵ
þ8ǽǿ&"@kuNtI%ĳ±$ǳ×<ǄŻƗ!Žǿ|àȊè±Ų$şįhOHǿLd
bHQqMcY%57ÀǈŪƐĨ q"$8ǿ¾Ȋ¢şįhOH
6ņđ98şįhOH
ƨ©ǿǼbǽ&ĦǏƨ©ǾǼcǽ¥ņđ&çú³ǿ 
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3.3 数値計算 
3.3.1 CGI と CHI の比較 
 /SPS<ǙŨ8­% CGI" CHI%57¥ņđ98Ū&ǃ<ĨƵƈ!Őǉ
	CGI!'otTj$hOH`Sut<ŧđŵǣŔ%57Ū<¥ņđ	CHI
!'òÎ?Thuqƨ©<ŨĦǏƨ©%57¥ņđ	/¸Ɲ" ò
Î?Thuqƨ©"ŵǣŔ<Ɠ0Á;ēŔ&ƺ3ƨ	ƫřçŠ'Ñ 3.6Ǽaǽ
%Ž5%ß N = u × ν = 7 × 5&3&"&|% 1 × 1&ß& 8&Ōĭ
ǡ¼<ņđ	ƖşįÎĨ'wƷ 3ēŔ£%N – 1 = 35"$8	 
 Ñ 3.6Ǽbǽ-Ǽdǽ% CGIƓ0Á;ēŔCHI!¥ņđ9Ū<99Ž	
ÀÑ&xŎ'wŎ%ŽÑ& x-x’īǮǼǄŝƗǽ&esc>@q!8	Ǽbǽ& CGI %
57¥ņđ9Ū'Ū<¥ť! $	9'CGI !ŨotTj`
Sut&ŴČßĀǰ82!8	&2CGI !'ŪƐĨ"ÂşįÎ
Ĩ!'Š<æ¢%¥ť8"'ǫ	Ǽcǽ'Ū&¥ņđ'! 8_
@?Ođ¨<Å=!8	9%ìǾǼdǽ%Ž CHI Ŕ&ƔĽ'ŪƴļŲ%¥
ņđ!82Š&ŪƐĨ"Â N – 1Î&şįÎĨ!æ¢$¥ņđ½Ɵ!8	
/ǾǼcǽ&Ɠ0Á;ēŔ&957ƣá%ć9 8	&5$Ä'Š
&ǐǖŤß$8"57įż%ť98	ÀŪ%GAO^@P<ǝů8"Ūǃ
'x8ƖşįhOHĨ (N - 1) <Û4"!ħÌ!8	 
 
 
Ñ 3.6 3ēŔ&¥ņđ&ŐǉǿǼaǽƫřçŠǾǼbǽCGIǾǼcǽƓ0Á;ēŔǾǼdǽCHI	w
ŎȊ¥ņđÑǾxŎȊīǮesc>@qǿǼbǽ& CGI'otTj`Sut&ŴČ%ä8
2Ǿð$şįÎĨǼN = 35ǽ!'Ōż%¥ņđ! $ǿǼcǽƓ0Á;ēŔ!'_@?
Ođ¨<Å1ǿǼdǽ& CHI'Š<Ōż%¥ņđ! 8ǿ 
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3.3.2 NSPS と ISPS の比較 
 ŋ% NSPSŔ" ISPSŔ&Őǉ<ƨ	&ƔĽ<Ñ 3.7%Ž	ƫřçŠ'Ǽaǽ
%Ž5%ß' u × ν = 7 × 5ŪƐ"&|à%Ɨö 0.1ŪƐ!ß 2.7 × 0.7
ŪƐ&ŀã`Sut<ǜƜ	Ǽbǽ'LdbHQqMcY<ƨ;$Ąĺ& HTI (N - 1 
= 35) !&¥ņđ<Ž	ƂǢ¨ƴ 1.0ŪƐ!82Ū&ŀã`Sut'¢
ć9$	Ǽcǽ% NSPS (1.0, 0.1) !&¥ņđ<Ž	&ÚÁƂǢ¨ƴ' 0.1
ŪƐ!82&ŀã`SutŌż%¥ņđ9 8	ƂǢ¨ƴ&Äw'L
dbHQqMcY<ƨ;$Ąĺ&HTI& 10"$8	¸ Ɲ" Ǽdǽ%NSPS (2.0, 0.2) 
&ÚÁ<Ž	&ÚÁƂǢ¨ƴ' 0.2ŪƐ!82&Ū<¨ƴ8"'!
$"¨
8	 Ǽeǽ% ISPS (3.0, 0.3) &ÚÁ<Ž	Ǽdǽ"'ìşŲ%
s = 0.3!@tSupudǅĿ<èĮ"%57&<Ōż%¥ņđ! 8	
ISPS (3.0, 0.3) %58¥ņđ&Ūǃ' NSPS (1.0, 0.1) !ą693&"Â!8	 
 
 
Ñ 3.7 ŀã`SutŠ&ĨƵƈƔĽǿǼaǽŪ,ǼbǽLdbHQqMcY$ CHI,Ǽcǽ
NSPS (1.0, 0.1)ǾǼdǽNSPS (2.0, 0.2)ǾǼeǽISPS (3.0, 0.3)ǿLdbHQqMcY$&Ǽbǽ'Ū
<¨ƴ! $ǿǼcǽ	5)Ǽeǽ' NSPS	5) ISPS%57 10&ƂǢ¨ƴ<ǗđǾ
Ū<Ōż%¥ņđ! 8ǿǼdǽ' NSPS!'8ǾƦMcY2Ū<¨
ƴ8%'ơ6$ǿ 
 
 
 
 
 
 
 
 
1.0 pixel
1.0
0
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3.4 装置と構成 
 Ñ 3.8% SPC-CHI<Ɠ0ǌ=ǐǖÖǵĈǟǼBX51M, Olympus Co.ǽ&ņđÑ<Ž	
!'ǵĈǟ&ĠŶrtPǛ%XNSqiouX_@OǼDMD; 608 × 684 elements,  
DLP3000ǽƓ0ǌ/9ôǂ&esNBHSǼDLP Lightcrafter, Texas Instruments Inc.ǽ
<º7	DLP %' RGB3 Ƥ& LED ĤǊ9 8!'ǭƤ LED &0
<vǕ& CHM`Sut<Š%şį	 ǵĈǟ&OWuNw%ǜƜ
Š% 1 / 200&Ť!&`Sut<Ɣ	ƔĽ" ŠǮ!&şį
hOH&ß' 35 × 25 µm (u × ν = 7 × 5)"$71ŪƐ&ß' 5.0 × 5.0 µm"$
	´ŪƐþ7&h@Hsiou&øÕĨ' 21.4 × 21.4!8	!3ǈbC
ROWuNǼ5.0 nm / step, MAX311D/M, Thorlabs Co.ǽ%57Š<ž²8"%5
7şįhOH'ŵìŲ%LdbHQqMcY98"%$8	Š<ǐǖĸ
'ŴƳepPjiou!¹íăǬãƉǼPMT, H6780-01, Hamamatsu 
Photonics Co.ǽ%¡í	/ķMOWj!'OWuN<²
;7%h@H
siou<¬Ć8"!şįhOH<LdbHQqMcY8"3½Ɵ!8	 
 

Ñ 3.8 ǐǖÖǵĈǟ%Ɠ0ǌ= SPS-CHIMOWj&ŅƯǿşįhOH&ŧđ&2&esNB
HSǾǐǖÖǵĈǟǾ3ǈbCROWuNǾǬãÛƉ!ņđ98ǿǵĈǟ<Ũ8"!Ǿ
hOH'Šw%ƚïĖĀ98ǿ6%ǾbCROWuN<Ũ LdbHQqMcY8
"!ƂǢ¨ƴ<Äw8ǿ 
B-LED
z
xy
projection lens
eyepiece lens (10×)
objective lens (100×)
PMT
3-axis piezo 
scanning stage
sample
mirror
imaging lens
illumination
mask patterns
DMDprojector
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3.5 実験結果と考察 
3.5.1 二重スリットの測定 
 ¶ŦŃƹèǸ&2&ƫřçŠ" SiO2NiAu& 3ñņǔØĻw%Ǩĸ@E
taujǼFIB; JEM-9320FIB, JEOL Co.ǽ<Ũ ǝOpVY<đ	Àñ&µ
'99 1.0 mm150 nm100 nm!8	Ñ 3.9Ǽaǽ%Ž 2&OpVY&ǢǦ'
500 nm!7şįhOH& 1ŪƐ& 1/10&ß%ŵþ8	ÀOpVY&ö' 1.0 µm
!7ǹ' 4.0 µm!8	ƖşįhOHĨ' q2 (N - 1) = 3,500(N – 1 = 35, q = 10) !
8	Ǽbǽ	5)Ǽcǽ% NSPS (5.0 µm, 500 nm) " ISPS (15 µm, 1,500 nm) !&¥ņđ
<99Ž	96&ƔĽ'Ąĺ& HTI !¥ņđ8%'ņǔƑ
 &
Ūć!$ÚÁ%	 SPS<î¡8"%57ƣá%ć!8"<Ž
 8	99&Ñ&xŎ&esVY'wŎ&Ū|& x - x’īǮ&esc>@q
<Ž	/Ɔ 2 &ġŁ& ISPS Ŕ3Ōż%¥ņđŪºą!8"<żƽ	
¥ņđ&KtYoOY'řç^@P%57ƥ÷x 8	èǸ%	8ËǴŝ"
 ĨMimruMnt&ÚÁ"'Ů$7şį9hOH`Sut&ŪƐ"ź
ÿ&OpVYŠ&ŪƐ&Àǋ<LdbHQqMcYı%Ōż%ƜÁ;<ƨ
"!$""ě698	9'ƂǢ¨ƴ 0.1ŪƐ& 500 nm"$8
2!7ƔĽ" ¥ņđŪIruOJuq<ĳ8"%$8	 
 SPS%	 'ƫřçŠ/'şįhOH&9
<LdbHQqMcY9
(5	ķŃƹèǸ!'şįhOH&ĭ<²
	9'ŉłŲǷ²Ǜ<ğǥ8
2!8	
$6ƫřçŠ<²
ÚÁǹƎù$OWuN<Ũ Ǝë
%LdbHQqMcY8"!åƏ&ÎėǤū<ǆ8ƂǢ¨ƴą698½
ƟČ8	/ISPS !'şįƏ&Ōż$ƿĩĊƯ"ǫŝ<ƘÊ!8½Ɵ
Č8	 
 &5% ¥ņđ98& SNR' N%ä8	^ @PotTj
Ţƃ$
ÚÁSNR'√N%Ő ħÌ98	SNR'/ƫřçŠ&ǐǖŤ%3ýä
8	$;vƢŲ%ǹǐǖŤ&Š'ǹ SNR<36	!'2 (0, 1) 
&Š<ŨIruOJuq&Š3º7Ĕ"!8	
Ń§Í&
T@[iVHrtN%'Ŗď,!8	PMT&§¯ raVY&?[sI-XNSq
ÜĢÍ%57XNSq³9Š q × qƯƐ
6$8ÚÁ¶ŦŲ%T@[iVHr
tN' rq2w",!8	 
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Ñ 3.9 (a) ǝOpVYw%şį9hOHǾ(b) NSPS%58¥ņđǿ(c) ISPS%58¥ņđ
ǿşįhOH 1ŪƐ&ß 5.0 µm%ìǾ2&OpVY&ǢǦ' 500 nm!8ǿNSPS	
5) ISPS£%ǝOpVY&ņǔ<¨ƴ! 	7ǾèǸ%	 3LdbHQqMcYŔĳ
±!8";
8ǿ 
 
3.5.2 回折限界を超える測定の可能性についての検討 
 ġŁ SPSŔ'åƏ&ÎėǤū<ǆºą!8½ƟČ<Ě	(
ƫřçŠ<LdbHQqMcYŃ§Í&ƞă%8ÚÁ!8	9
<Ńƹ82%Ñ 3.10Ǽaǽ%Ž5$ǝOpVY<Ũď	2 &OpVY
&ö' 360 nm!7270 nmǪ9 8	èǸ!' 1ŪƐ 1.8 µm& 1ŋ&hO
H<ŨƖşįhOHĨ< q (N - 1) = 680q = 20N – 1 = 34"	Ǽbǽ"Ǽcǽ'
99 NSPS (1.8 µm, 90 nm) " ISPS (5.4 µm, 270 nm) %57¥ņđ9Ū& x - x’
īǮÑ<Ž	!ŨìŠrtP&ƂǢ¨ƴ&r@puØŚ' δ = 0.61λ / NA = 
295.4 nmNA (ǡ¼Ĩ) = 0.95λ = 460 nm!8ǝOpVY&ǢǦ 270 nm λ = 460 
nm%ì įŸ%¨ƴ! 8	6$8ƼƑ$ŃƶĊƯ!8ÎėǤū<ǆ
8½ƟČ38	$	!ġŁēŔ'ƔrtP&ƴ¯&yǇ%57.
4<Îć85$ÇŹ&ďÈ!&ǆƴ"'Ů$8"%Ŗď8	 
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Ñ 3.10 (a)ǝOpVY&ƫřçŠǾ(b) NSPSŔ%58¥ņđ&īǮÑǾ(c) ISPSŔ%58¥
ņđ&īǮÑǿ 
 
3.6 結言 
 ķƄ!'SPI&ƂǢ¨ƴƟ&Äw<ųŲ"òÎ?Thuq@kuNtI<Ũ
2ƀǶ& SPS@kuNtIŔ" NSPSŔ" ISPSŔ<ġŁ	 Ū¥ņđ
&2%ĦǏƨ©śƈ<î¡	2ƀǶ& SPSŔ'McYĨ%ċ ňĭÄ&Ƃ
Ǣ¨ƴ<Äw8"!8	/şįhOH`Sut& 1 ŪƐ<ǆ8Ldb
HQqMcY<ƨÚÁĲï~Ŕ&ďÈ!řçƎù<ż!8	¶ŦŃƹèǸ
" ǐǖÖǵĈǟx!Ld µm &Š< SPS-CHI Ŕ%57¥ņđ	6%Š
<McY8ǜƜ%	 &ƞă%Ń§Í<ǜƜåƏ&ÎėǤū<
ǆ8řç&½ƟČ<Ž	 
 
ķƄ%ǣ ŰƪǀĪ 
S. Tetsuno, K. Shibuya, and T. Iwata, “Subpixel-shift cyclic-Hadamard microscopic imaging 
using a pseudo-inverse-matrix procedure”, Optics Express 25, 3420 (2017). 
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第 4章  
スキャンレスデュアルコム分光 
シングルピクセルイメージングによ
るモード分解イメージング 
 
 
4.1 緒言 
 ½Ʃ8))SPI/çƟƔƅġ/Ǩ¢*!/Ʀȕ·ǣ/Ó-'(Ȁ5#ŔƩ)0 
SPI/ğƌ/'*(gHW|·®ųEƌ#mJo]xThJ}\U
Ǚǂ/ĻŞEǔB0ȬȄ,ğƬġE<'[UdkŠ¶ÜEƌ(J}
\UÌǇ, SPI/ƅȓ-ƙƕ#</)A 
 ®ÖŴłW|ȯOFC; optical frequency combȰ0~iÒœZ)@ŌȕƔ-ƫȕ
Ț trep /o]¹?,ABEÖŴłǺ-ĀȔA*íł/®/ƿ~i*,@
čÖŴłćæ-&(ƫÖŴłȕȚ frep (= 1 / trep) )3ȯà 4.1Ȱ8#frep0o]ǁ
@ǿÖŴł*Ø1BA/>, OFC 0íł/ CWȯcontinuous waveȰZǃ
*9,*<)AOFC)0~iȕȚ frep *ģƔ- 0 Hz 8)W|~iE
ìĶ#*/¾ÖŴł)õǄBARHMwuOs_ehÖŴł fceo E
ũƞ-ÖŴłçŽ-ƗÒœA*)®ÖŴł/Ƅą*(»ƌB(A 
[1 - 3]OFC/ĵĉ*Ɨ0!/ȬÖŴłùĎ/#;-ȃĈ/·®Ü)0ż
õA*ȟ!/>,~i·ǣ]xThEżõAīų*(g
HW|·®ųȯDCS; dual comb spectroscopyȰĻŞB# [4 - 6]!/ƷŚí
/Ɲƥ*ğƌ èÕBA>-,&# [7]ûǲ0Q]·Ř [8]Ū9_[U 
[9]ŕŅǨ¢ [10] ¨®Ǥż [11]·®Mua}h [12] =ǷȞǤż [13] ,+í
ȹȸ 
 
Ă-A 
 
 
à 4.1 ®W|/šĠǭŉà; ŌȕπæȯĄȰ*ÖŴłπæȯÎȰȲ 
 
 )DCS *J}\UEǓÑ A*!/ğƌƝƥ?-ıA0)
AB8)-èÕB(A DCSEƌ#J}\U[]f|0*(Ǵśå
·®J}\U [14] -Ș?B(#!/Ɗƍ0DCS-A RFȯradio frequencyȰ
ÖŴł/JbsLU|EËę)A>,100 MHz ƢĎ/ÖŴłćæEő
AȬȄ, 2 ŧ­Š¶Ü6*F+òâ,?)AƷŚ*(ȬȄ,[U
dkŠ¶Ü*ŦşƔǴśų/ƶ9ÑD -ȘõB(@ŦşƔǴśEĞǞ*
,īų/Ȕƒű;?B(# 
 !)ȣǴśåJ}\Uīų/'*(½Ʃ8))ǰǯ(#[U
rT_J}\UȯSPIȰǅ?BASPI -0Hczǔ¹/ƖġEƌ
#HczëļJ}\UȯHTIȰ[15] =ĭĕz]T/ƸǤƔc|ġEƌ#Ǥ
ƭŦX]hJ}\UȯCGIȰ[16] ,+òâA!B-À(Ƅ/Ţȅ/]
o]ġ-ƙƕ#áǀ_[UȯCSȰ/Ľƌ>AżõŌȕ/Ɯǀ<Ư¿Ɣ-ǰǯ
B(A [17]ǁ@ǿ-,ASPI0ƅ-Ȋ¸, 2ŧ­Š¶ÜøŊ-ƌ8#0
¯ī),éÑ-őÁ)A8#Š¶ÜȝȥĿȎƔ)@'/8#0ȝȥ*
¤ÏƇƨ,éÑsMëļ·®ųȯFTSȰ/zdueT]Hinf\/é
Ñ*Òţ-ƦȕƔ,zdueT]Hinf\œĖ)A [18, 19]B8)
-OFC* SPI/ƶ9ÑD *(Å/ OFC/~iȕqh¤Ï/ƗEƌ#
3ŧ­ĔƆǤżèÕB(A [20] 
 ŔƩ)0ȣǴśå DCS J}\U*īųEº;(èÕAƦȕ®ëǮÜ
ȯSLM; spatial light modulatorȰEƌ# HTIīų->@f]hdh-ȏƑ #
sGtxMbŗ/ĵĉȂȇƎ¬*ƗƎ¬EËę#!(!/ƗƎ
¬?f]hdh-ǛǈB#T|Ǒǈ/ǈÆ·ĆEŲõ#!/ī
ųǙǂÇƊŠǧöȫ-'(Ȁ5A 
ȹȹ 
 
4.2 デュアルコム分光シングルピクセルイメージング（DCS-SPI） 
4.2.1 装置と構成 
 à 4.2-ĻŞA DCS-SPI[]f|/šǞEƠDCS[]f|01.56 µmć/ 2Í
/~iÒœB#OFCȯErŸÀsGJnZO[b*ErŸÀsGJnHuȰ
)ŢĨB!B"B[UjW|ȯfrep1 ~ 100 MHz, fceo1 = 10.5 MHzȰPW|ȯfrep2 
~ 99,999,525 Hz, fceo2 = 10.5 MHz, Δfrep = frep1 - frep2 ~ 475 HzȰ*(ƌAB?/
Z0ìȍ±ĵÜå/ƈƽĉZcJOiȯECLD; external - cavity laser diodeȰEƌ
(õ/o]ǁ@ǿÖŴłąfrep)Wph-eTBA [10, 21]/W
pheT0DCS )ę?BAJbsLU|EWph-ƤƭA
*EÌǇ-A [22, 23] 
 żõ/īȦ0/ȃ@)A[UjW|/®0ƄEȂȇ#ė¨®q|
]uebȯPBS1Ȱ>2 1/2 ŴȓŗȯHWPȰEƌ(PW|®-ȏƑBA
!(ȱPBS2 ->@Űċ¨®/9EȂȇ A*)2 '/W|0ĊŹA®óƔ
nio]sIbȯBPFȰ0 DCS -AMJH[UEȗ#;-Ķ¯ȱB
->@ 2'/ OFC®/ćæE¼ȘBAŧ-ĊŹ#®0Ƅ/¬Ȥ-Ȏǂ#
ÊüåŶŎ SLMȯLCOS-SLMȰ-¯üA)Ƅ/¬0LCOS-SLM->@Ʀ
ȕƔ-ƗëǮBÊü#®-û( PBS2EƌA*)ƷŚƔ-ƓȮ/nJj
ob*(ƦȕƔ-ëǮBA!(ƦȕƔ-ëǮB#JbsLU
|0[UdkŠ¶ÜȯÖŴłćæ; 100 MHzȰ*g\bJZȯ14 bit, Yu
Uh; 108 Yu/ơȰ->@Ōư¹gb*(ËęBA8#Ŕ DCS-SPI
[]f|)0PBS1 >@<ėŇ- LCOS-SLM EȎǂ#B0PW|®/
ëǮB,®ƖĸŠ¶Ü-¯@ŷ:*->A¤Ïûǆō®Ů/EȌA#;
)A,öȫŢĨ/?,AǪƴ0ȑ A1-Ơ 
 
 
 
ȹȺ 
 
 
à 4.2 DCS-SPI[]f|/šǞȲECLD->@WpheTB# DCS[]f|/[Uj
W|®Ǹ-ƄEȎǂ(AȲƄ0!/¬Ȥ-ȎǂB# LCOS-SLM* PBS2->@Ʀȕ
Ɣ-ĒĎëǮBAȲëǮB#®0ûƄ^)Ȝ®B#ėȱ[UdkŠ¶Ü)Ō
ȕŴĔȯJbsLU|¤ÏȰ*(ËęBAȲ 
 
 à 4.3- DCS-SPI-AƎ¬³ŢĨ/īȦEƠN × N/Hczǔ¹ M (x, y) /
Ðǔ>@ N¥/ n × n (N = n2) /ƪÏÃz]TƋĨBAŧ-ƪÏÃz]T-ûğ
# N¥/JbsLU| Ik (t) (k; 1 ~ N) żõBA!B"B/ Ik (t) /ȞŁ
sMëļȯDFTȰ0]xTh Sk (f) EB0öȍ Sk_r (f) *ǒȍ Sk_i (f) )Ţ
ĨBAƷŚ*(N¥/ƪÏÃz]T-ûğ# N ¥/öȍ*ǒȍ/]xTh
ûę?BAÖŴłŭ/Ǝ¬E³ŢĨA#;-N¥]xTh/û-(ĩŒ
/ÖŴł fu-ûğ# N × 1/]xTh/ǔwTh Sr (fu) * Si (fu) EȋįA (u; 1 
~ m)!/ėȁHczëļȯIHTȰ->@ÖŴł fu-ûğAƄ/öȍwTh
Or (fu) *ǒȍwTh Oi (fu) Eű;A/ 2'/wThE 2ŧ­Ȏ¹-ëļA
*)öȍ*ǒȍ/¬ Or (fu; x, y) * Oi (fu; x, y) ę?BAŐƵƔ- m¥/ĵĉ*Ɨ
J}\Ëę)A [24],ăÝåHczǔ¹-ȖAǪƴ,ǭŉ0ȑ A2
)ǥ 
 
ȹȻ 
 
 
à 4.3 DCS-SPI-AȆ/³ŢĨīȦȲN¥/z]T-ûğ#JbsLU|¤Ï
EËę#ėȱ!B"BEsMëļA*) N¥/öȍȳǒȍ]xThEęAȲ)ȱ
N¥/]xThû?ĩŒ/ÖŴł fu-ûğ# N×1/ǔwTh Sr (fu), Si (fu) EȋįAȲ
!/ǔwTh*ňƚ/z]TEȁHczëļA*)ȱÖŴł fu-ûğ#öȍƎ¬ Or 
(fu; x, y)*ǒȍƎ¬ Oi (fu; x, y) EęAȲB?>@ȱĩŒ/ÖŴł/ĵĉƎ¬ Oamp. (fu; x, y)>2
ƗƎ¬ Ophase (fu; x, y)³ŢĨBAȲ 
 
4.2.2 振幅と位相のモード分解スペクトル 
 DCS-SPI /çƟġǇEǨ¢A#;ǘżõƄ*( 1951-USAF f]hdh
ȯ#38-256, Edmund Optics Inc.ȰEƌ#Æ0 1.5 mm)@shQ]çŗ
-T|āEƘƦǐƙA*->@Ðƣ/kQfItobEĔĨ #</)
A)0f]hdh?/Ȃȇ®-ŀĤ-·®Ŵȓ·ŁEA#;-
sGtxMbŗȯKoshin Kogaku Co., Ltd., ĝŴȓ; 1,550 nm, ǉƍ]xTh
πæ (FSR) ; 90 GHz, ŗÆ; 1.14 mmȰEȏ.(Ȏǂ# 
 à 4.4ȯaȰ0Hczz]Tƃü,)Ëę#JbsLU|/n]
ho]¹EƠťǺ0öȫ÷Ōȕ*öÁŌȕ/Ň)ueh(@Ōȕ]V
/ıî£ł0 frep1 / Δfrep ~ 210,526)A50 ns/ŌȕƧ/-1 / frepȕȚ/Ȇƹ
# 5Ȇ (p = 5) JbsLU|ǢżB(A#&(ÖŴłπæ-
AgbſȕȚ0ŌȕƧ/ȁł)?B20 MHz (= frep1 / p) *,A8#Jb
sLU|/ƤƭÝłE q = 250*A*żõŌȕ0 pq / Δfrep)?B2.63ơ*
ȹȼ 
 
,AȯbȰ-JbsLU|/ïȍEıî(Ơ-0sGtx
Mb/ 1 / FSR)ŲõBA 11 psȕȚ/íȏźǗMWo]ǢżBA
/Mwu/źǗŌõł0Ʊ 80 ps)@Mb/íȏȂȇÖŴłƅġ/%/
'/ȂȇȖłŴĔ/Ä§°ĉȯFWHMȰ/ȁł-ûğA>@ũƞ-0ƨ%
@/ĴÂEÔ:°/ȇŻŴĔ/ĔƆ0¯üW|o]¹/ÖŴłƅġ*Mb/
ÖŴłπæȈƅġ*/Ƒ9ǽ9Ƥ·/ȁsMëļ->&(?BAȯcȰ-ȯbȰ
)Ơ#JbsLU|Eŏ-ıî#ŴĔEƠ2 Í/ OFC /Èù,Ɨ¼
Ě [10, 21] *WphƤƭ [22, 23] ->@Ȭ SNR)JbsLU|/Ō
ȕŴĔËę)(AĴÂEǢú# 
 ŧ-ȯaȰ-Ơ#JbsLU|EsMëļA*)ȯdȰ-Ơ~
i·ǣ]xThEę#Ȣƽĵĉ]xThǳƽƗ]xThEƠö
ț-Ëę#ÖŴłƮß0 189.472 ~ 199.998 THz)@DCS/MJH[UEȗ
#;-Ķ¯# BPF ->@źǗ0(AȬÖŴłπæ-í/zdvfcJ
qhǢżB(AȯdȰEıî(Ơ*ȯeȰ-Ơ>- 191.0 ~ 192.2 THz
/πæ- 13¥/±ȭȂȇrTƞǫ)A8#ÖŴłȕȚ0 90 GHz)@M
b/ FSR*ǊA!(ÐȂȇÖŴłćæ-(ȯfȰ-Ơ>, 191.5040 
~ 191.5050 THz-íȏW|~iEǢż#¥/W|~iȕ/ÖŴłSeu/π
æ-(«-ȣȠ*,&(A/ÇÞ0 2 '/W|ȕ-ūƐ(AbJ
{U\eb->A</*ǅ?BA [25]ȯeȰȯfȰ-ƠƗ]xTh0ƗH
euė191.0 THz)Ƞ-,A>-ǠŝÃ(ǖƠ(@Ɨ/ª0[Uj
W|*PW|ȕ/Ɨ·Ł->AduEĤ×(A191.6 THz-(
FSR*sIk]0!B"B 89.98 GHz* 7.05*,@B0ƌ#sGtxMb
/ǛÚţ*>Ǌ(@Ǜ# DCS[]f|0Ǎð,ÂE(A
*DA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à 4.4 DCSżõ->@ę?BAJbsLU|*~i·ǣ]xThȲȯaȰHcz
z]Tƃü,)żõ#JbsLU|¹ȱȯbȰȯaȰ/ıîàȱȯcȰȯbȰ/ıîàȱȯdȰ
ȯaȰEsMëļA*->@ę#~i·ǣĵĉ]xThȯȢƽȰ*Ɨ]xThȯǳ
ƽȰȱȯeȰ*ȯfȰ0Òţ-ȯdȰ/ıîàȲ 
 
 
 
 
 
 
 
Ⱥȴ 
 
4.3 実験結果と考察 
4.3.1 モード分解振幅イメージング 
 ŧ-HTIų->AmJo]xThĵĉJ}\/ËęEǩ9#à 4.5ȯaȰ0ǘ
żõƄ*(ƌ#f]hdhȯkQfItåȰ/´Ƙ)@ǳ/ƛĔπæE
żõûǲπæȯROI; 1.47 mm × 1.47 mmȰ*#)Ơ# ROIȯ1951-USAFf]h
dh/Uu 1M}h 6Ȱ/ 3Ŕ/Űċƽȍ0®EȂȇ AƼǎ-ǟ(
Aπæ0f]hdh-Mbȏ,&(A*EƠDCS-SPI/Ǧõ0
N = 1,024ȯn = 32Ȱ*#)ƪÏÃz]T/ÅƎƲ/î0ƄȤ) 46 µm 
× 46 µm)A 
 à 4.5ȯbȰi?0!B"B f1 = 191.14034f2 = 191.14040f3 = 191.59286f4 = 191.59292
f5 = 191.63260f6 = 191.63266 THz-A³ŢĨ¬)A)/ǭŉ/#;-ȯcȰ
-0à 4.4ȯeȰ*Òţ-ıîǖƠ#ƷŚEƠ)ÖŴł f1* f20Mb
/Ȃȇćæ/ÖŴł©/ǜ-ǂ(A!/% f1 0W|~i/rT-ǂ
f20Ǳ/ȍ·-ǂ(A8#ÖŴł f3* f40Mb/Ȃȇćæ/ĝȍ-
ǂ!B"BW|~i/rTȍ*Ǳ-ǂ(AÖŴł f5* f60Mb
/ȬÖŴłćæ©/ǜ-ǂ!B"BW|~i/rTȍ*Ǳ-ǂ(A
ÐĵĉƎ¬0¬²/T|)WfIUB#ȍ·/ĒĎE`§*A#;-
;żõ(#Òf]hdh/T|Whπæȍ/Ǝ¬EneTUK
i*(źƭ#/>,źƭµƊEǔ&#Ɗƍ0ǾǳìZ®ǑT|
āED-Ȃȇ³ŢĨƎ¬-ƖŵnJH]Ƌ A#;)A,³Ţ
ĨB#ÐƎ¬/ƿǺ]V0!/Ǝ¬/Őî§->&(ǠŝÃ# 
 ȯbȰ-Ơ#ÖŴł f3/Ǝ¬0,@>Ʀȕ·ǣ)(AȯbȰ*

-Ơ# f1* f5/Ǝ¬0ƃŉ®/ĒĎ#; SNR(A8#*
-Ơ# f2* f6/Ǝ¬0ģõȃ@Ƅ/ĢèÔ8B(,,?	-
Ơ#Ǝ¬0~iSeu-ǂA f4 )A-<D?'/ƽƆ/Ţ
ȅƞǫ)AB0W|~iȕ/T]hT->A</)AB?/Ʒ
Ś0~i·ǣB#ĵĉ/J}\Ǎð-Ëę)#*EƠ(A,Ʀ
ȕ·ǣ0 46 µmÖŴł·ǣ0 20 MHz)@!B"Bƃüz]T/ÅƎƲ/î
*JbsLU|ËęŌ/ŌȕƧ)ŲõBA-0 6 ř/³ŢĨƎ¬
Ơ,&#ĺΔ(,191.0 ~ 192.2 THz/ÖŴłƮß) 12,000řEǶAJ
}\Ëę)(A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à 4.5ȯaȰf]hdh/´ƘȲƼǎȍ0f]hdh-ȏ.?B#MbsIb)
AȲȯbȰ~i·ǣĵĉJ}\;ȯiȰf1 = 191.14034ȱȯiiȰf2 = 191.14040ȱȯiiiȰf3 = 191.59286ȱȯivȰ
f4 = 191.59292ȱȯvȰf5 = 191.63260ȱȯviȰf6 = 191.63266 THzȲȯcȰà 4.4ȯdȰ-Ơ#ĵĉ]xT
h/³ĺΔȲ]xTh/ĵĉ/î-ğ#W|~i·ǣĵĉƎ¬ę?B(AȲ 
 
 
 
 
Ⱥȶ 
 
4.3.2 モード分解位相イメージング 
 ŧ-f]hdh/Ɨ¬Eý¶#)/Ɨ·Ć0f]hdh
/T|āEȂȇ#ț-ƋAƗ/ëÃEĤ×Aà 4.6 ~ -ň-à 4.5 
~ )Ơ#ÖŴł f1 ~ f6/ĵĉ¬-ûğAƗ¬EƠ)0f]hdh
,)żõ# null Ɨ¬EçŽ*(ǚũEǔ&#,D%!B"Bý¶#ö
ȍ*ǒȍ/Ǝ¬? null ¬/!B?Eźƭ#ėƗ¬Eű;#!/ƷŚWh
]h0ƗûƔ-f1f3f5/ÖŴł/Ɨ¬-( 3 Ŕ/JŢȅƞǫ
)#ÖŴł f2f4f6 /Ɨ¬-(0ƃŉ®ĒĎc|,ƗlJ
^->@Ţȅ0ƞǫ)(,ÖŴł f3 /¬²)/Ɨ§/·Ć0f]hd
h/T|ā/őƀ->A®óƔÆ-«,ȉA#;)AT|ǈ/ǝ
ƲÿĮƉ0Ŵȓ 1.61 µm) 3.66 – 4.31i [26])@!/ȂȇƉ0!/>
,ĜĐȂȇ®-û(<!BEũƞ-Êŋ#ƗƎ¬ě­)(AȂȇƉ
ô°-`)B1Ɨ§0c|·Ć*,A0)A /öȫƷŚ0
DCS-SPI-AƗƎ¬żõ/ĥĎ*ė/ğƌ/ÌǇġEƠ(A 
 
 
à 4.6 ~i·ǣƗJ}\U:ȯiȰf1 = 191.14034ȱȯiiȰf2 = 191.14040ȱȯiiiȰf3 = 191.59286ȱ
ȯivȰf4 = 191.59292ȱȯvȰf5 = 191.63260ȱȯviȰf6 = 191.63266 THzȲ 
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 ŧ-à 4.7ȯaȰ*ȯbȰ-ÖŴł f3)/ĵĉ*ƗƎ¬/ņȤ/usGJEƠ
ȯà 4.5ȯbȰ*à 4.6/ǳƽ A-A’ȍ/ņȤȰ)T|ā-ûğAȍ·0
žǎ)Ơ#ĵĉƎ¬>@f]hdh/ĔƆŉƞ-³ŢĨB(A*·
ASPI/Ʀȕ·ǣ 46 µm)A#;T|ā/êƏȍ,8&(AŇ
ƗusGJ<ēƂ,?ĵĉusGJ*67ÒĵAǋE(A
)/Ɨą0T|ā->&(?BAČóƔ®Ǹȓą-ǵÞ(AT|ā
/ÿĮƉEǅħ(!B0Ʊ 70 nm *Ĺõ)Aƞǫ/#;-Òf]hd
h/ǖȤĔƆEÇñȕ¿ȩĜȒȯOLS3500-PTU, Olympus Co., depth resolution; 1.0 nmȰE
ƌ(żõ#*C=0@ 70 nm)&#ÖŴł f3)/Æ 70 nm/ā-ûğ
AƗąEȯbȰ- 2Ŕ/ċǔ,ſƽ)Ơ/Ɨą0 DCS-SPI)żõ#ƷŚ*
67Ǌ# 
 
 
à 4.7 ³ŢĨ¬/ĵĉ*ƗusGJȲŬ-Ƅ/ņȤàEƠȲQ]çŗ-Æ 70 
nm/T|ǛǈB(AȲȯaȰà 4.5ȯbȰ-ûğAĵĉusGJȲžǎȍ0T|
ǈòâAǂEƠȲȯbȰà 4.6 -ûğAƗusGJȲ2Ŕ/ſƽ0 70 nm-ûğ
AƗȐEƠ(AȲ 
 
 DCS-SPI-(Å/JbsLU|EËęA#;-ĞǞ,ŐþŌȕ0
1 / Δfrep)@NE SPI-Aƃüz]Tobƻł*A*ŐƵƔ-Ǝ¬Ëę
/#;-0 N / Δfrep/ŌȕEǞA*-,Aöț-0 (1 / Δfrep + td) qN)
A)td 0 1z]Tob/ĔĨ-ǞA SLM/ğƬŌȕ)@q 0 1z]
Ⱥȸ 
 
Tobƃüē#@/JbsLU|/ƤƭÝł)A)ƌ# SLM/
éÑtd = 100 ms)@Ý/ŤŽƔ,Ǧõ)A q = 250*A*żõŌȕ0ÑǤ
) 540 ơ*,&(8#&(SNR /ȬJbsLU|,?16+
ÛȨ*0,?,!),éÑ0>@ȬȄ,ƦȕëǮÜ/ý¯ĞǞ*,A
/>- DCS-SPI 0ĘŖ/ǴśåJ}\UųȯPS-DCSȰ[14] *Ůǻ(Ǝ¬
/ËęŌȕ*Ǣſ)0őĤąǫ;?B,éÑ<APS-DCSJ}\
U/éÑ/ËęŌȕ0ƌAǴśŦŢ-Ē¡òAŇDCS-SPI/éÑ0
Š¶ÜlJ^ĿȎƔ)B1ƦȕƔ,zdueT]Hinf\ę?BA
ÌǇġA?-]uH]lJ^/șÉ-őÁ)A8#ƦȕƔ-]o
],Ƅ,?1CSJ}\U/ĬǕEý¯B1żõŌȕ0ǏƜǀ)AÌ
Ǉġ<A,)/ÇƊŠǧöȫ0ǾǳìŴȓæ-ȘõB#Ƴì [27]
Ìǡ [28]ǳì [5, 22]/Ŵȓæ!( THzÖŴłπæ [6, 29] 4/ıđœĖ)
A 
 
4.4 結言 
ŔƩ)0 DCS-SPI ų/ÇƊĻŞ*ŠǧEǔ&#!/ƅȓ0~i·ǣB#ĵĉ
/mJo]xThJ}\$),Ɨ/J}\<Ëę)A*-A
)/ƷŚ0ė/ǶƯùmJo]xThJ}\U4/'/ĪEȔ#
*<A
DCS ?ę?BAƗĢè0Ȃŉ<0ÄȂŉƄ/®óõł=ÆEǤżA
#;-ƅ-ÁŚƔ)Aĵĉ*ƗĢèĎ-Ëę)A#;Kramers-Kronigëļ
/Ȗ£ďEƌ -ǝƲÿĮƉ=ǝƲǬȡƉ/mJo]xThJ}\/ý¶
EÌǇ-A8#ŦşƔȪÂȍEķș)A#;>@Ưù,żõÌǇ*,A
?-[UdkŠ¶Ü/ƌ0ğƬŌȕ/ȬȄġW]hź·®ĥĎ/
¼Ș/ÛȨ/ƾÙ,+œĖ)A
)ȈĨ#ƷŚE8*;A*/ȃ@*,AÖŴł 191.5 THzȯŴȓ 1,565 nmȰ
Eĝ*# 1.2 THz/ÖŴłćæ)ÖŴł·ǣǇ 20 MHzȯ~ 0.16 pmȰfrep1= 100 MHz
ȯ~ 0.82 nmȰ/W|~iȕȚ)Ʊ 12,000ř/ĵĉƗ¬EƦȕ·ǣǇ 46 µm)Ë
ę#8#!/Ɨ¬?Æ 70 nm/T|ā/ǈÆEŲõ#  




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付録 
A1. 実験装置の詳細 
 ĻŞ# DCS-SPI []f|ȯà 4.2Ȱ0Hczëļå SPI EǌƔ, DCS []
f|-ƶ9ǽF$</)A2 Í/~iÒœB# Er ŸÀsGJnZO[
b* ErŸÀsGJnHuȯOCLS-HSC-D100-TKSM, Neoark Co.ȰE!B"B[Uj
W|*PW|*(ƌ#[UjW|/ǁ@ǿÖŴł frep1EƱ 100 MHz
PW|E frep2 ~ 99.999525 MHz*ÖŴłąE Δfrep ~ 475 Hz*#ĝÖŴł
]xThĉċã¶¿0!B"B 1,560 nm20 nm120 mW)A[UjW|/
RHMwuOs_ehÖŴł fceo1*ǁ@ǿÖŴł frep10sGJnZ
/±ĵÜȓ*yuZ/ȪÂȡŵE¼Ě(A*) Rb ÖŴłŤŽȯFS725, 
Stanford Research System, accuracy; 5×10-11; instability; 2×10-11 at 1 secȰ-ƗÒœ #
?-PW|E[UjW|-Èù'Wph-eTA#;-ƈ
ƽĉ CW ZcJOiȯECLD, PLANEX, Redfern Integrated Optics Inc., center 
wavelength: 1,550 nm; FWHM: < 2.0 kHzȰ/ƒĵƽE[UjW|/Ȋē,Aȵ'/
~i-ƗÒœ #ŇPW|/ȵ'/~i0ÖŴłçŽ- fceo2E
ƗÒœ#ƆĦEƺĲ#88ȡů®óëǮÜȯModel 4004, New Focus, Newport Co. 
frequency bandwidth; ~ 100 MHzȰ) frep2E¼ĚA*)Ò ECLD-ƗÒœ # 
[10, 21]/ŢĨ->@2Í/W|ȕ/Ɨûƽĉ0 1 Hz-ƈƽĉÃB(A [23]
DCS/JbsLU|EWphƤƭ)AŜİB)A [22, 23] 
 ƄEȂȇ#Űċ¨®/[UjW|®0äƖ¨®/PW|®*¨®q
|]uebȯPBS1ȰEȃȇ A*->@ȏƑ #®óƔnio]sIb
ȯBPF; FB1570-12, Thorlabs, Inc., center wavelength; 1,570 nm; bandwidth; 12 nmȰ0DCS
żõ)/MJH[UȗŨ/ƕƔ)Ķ¯(A`Oc/ 1/2 ŴȓŗȯHWP; 
WPH05M-1550, Thorlabs, Inc., design wavelength; 1,550 nmȰ0¨®ŇE 45Ď-Ýǹ 
A#;-ƌ#!(2 'ƕ/¨®q|]uebȯPBS2Ȱ)ȏƑ #Űċ
¨®/[UjW|*äƖ¨®/PW|EĊŹ (AĊŹ/ÌǡĎþ
,A*Ǝ¬/Wh]hA/)³ŢĨƎ¬Eƞǫ,?®ǺEǮŃ
#ŧ-ĊŹ®0Ƅ/¬Ȥ-ȎǂB#Êüå LCOS-SLMȯSLM100-04, Santec Co., 
number of pixels; 1,440 × 1,050, pixel size; 10.0 µm × 10.0 µm, response time; td = 100 msȰ-¯
ü #SLM)/¬/¦Ɖ0Ƅ-û( 2.5¦)@^ L1* L2ȯL1, focal 
length; F1 = 100 mm, L2, focal length; F2 = 250 mmȰ/ƁſǷȞ/Ů)ŲõBA 
 LCOS-SLM)0à 4.2/teTà/ƓȮob) ƠBA>-0*	
?,AȆ/nJjƗz]Tob)¯ü®ȯŰċ¨®ȰEëǮƦȕƔ-ë
ȺȺ 
 
ǮB#äƖ¨®obEƋĨA,D%Ƅ¬/ĒĎ·ĆƦȕƔ,Ɨë
Ǯ·Ć*,A!/ėPBS2)äƖ¨®Ĩ·/9EÊü A*)ƷŚƔ-ƦȕƔ
-ĒĎëǮB#Ƅ®EęA!(^ L3L4ȯL3ȾƁſǷȞ; F3 = 150 mm, L4Ⱦ
ƁſǷȞ; F4 = 50 mmȰ)ŢĨBA 1 / 3¦/q|MR]oc* 10¦/ûƄ^
ȯNA; 0.25ȰEȂȇ AŐƵƔ-ƦȕƔ-ëǮB#JbsLU|0
InGaAs PINsNhcJOiȯPDB415C, Thorlabs, Inc., USA, spectroscopic sensitivity; 800 - 
1,700 nm, frequency bandwidth; 100 MHzȰ* 14-bit g\bJZȯNI PXIe-5122, National 
Instruments Co., USA, sampling rate; 99,999,525 samples / s, number of sampling points; 
1,052,626Ȱ->@Ōư¹gb*(Š¶BA 
 
A2. 振幅および位相像再構成の詳細 
 DCS-SPI /#;-½ƩÒţ-ăÝHczǔ¹Eƌ#J}\UīųEƌ# 
[30]à 4.3-Ȇ/³ŢĨīȦEƠN × N/Hczǔ¹M (x, y) /Ðǔ?N
ř/ n × n (N = n2) /ƪÏÃz]TƋĨBAŧ-N¥/JbsLU| Ik (t) 
(k; 1 ~ N) ¥/ƪÏÃz]T-ûğ(żõBAÈù-0[31] )ĳľB(
A>-M (x, y) /Őº/ǔ*¹0ăÝǔ¹EƋĨA*ȠwTh*,A,D
%Őº/ƪÏÃz]T0°ȤȮ/ob*,A#;Ĥ×EĲ#8#¥/³
ŢĨ¬/ǞƲ (1, 1) -<Ģè0Ô8B,Ik (t) /ȞŁƔsMëļ DFT0ÖŴł
f/Ȗł*(öȍ*ǒȍ/]xTh Sk_r (f)Sk_i (f) )ŢĨBA]xTh Sk (f) E
AƷŚ*(N ř/ƪÏÃz]T-ûğ# N ¥/öȍ*ǒȍ/ÖŴł]xT
hę?BAB? N ¥/]xThû-'(N × 1 /]xThǔwTh
Sr (fu)Si (fu) (u; 1 ~ m) EŢĨ#) m0³ŢĨ#Ǝ¬-ûğAÖŴł/ł
)Aŧ-ȁHczëļ->@ÖŴł fu -ûğAƄ/öȍ*ǒƄ/ǔw
Th/ûOr (fu) * Oi (fu) Eý¶A,D%Or (fu) = (2/N) MTSr (fu) = 2M−1Sr (fu)
Oi (fu) = (2/N) MTSi (fu) = 2M−1Si (fu) )A)MT0ăÝHczǔ¹/ǹǂǔ¹
)@ MT/N = M−1)AB? 2'/ǔwTh Or (fu) * Oi (fu) ?öȍ*ǒ
ȍ/Ǝ¬ Or (fu; x, y) * Oi (fu; x, y) !B"Bę?BAŐė-m¥/ĵĉ*Ɨ¬
/>-(ę?BA [24]: !!"#. !!; !, ! = !! !!; !, ! ! + !! !!; !, ! !, !!!!"# !!; !, ! = tan!! !! !!; !, ! !! !!; !, ! . 
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第 5章 
光子計数型 
シングルピクセル回折位相顕微鏡 
 
 
5.1 緒言 
 Ŏƞ%+	SPI*Ǝǒű-*Ģƅ&	
ǐŵ%õȀƎȡQP; quantitative phaseλ@p
~O|IŬȡQPIλ*"*ėħ%8ØĭƎȜğȂȡDPM; diffraction phase microscopyλ
)ƏƌDPM+ćǟ*ȜğȂ)®Ǳ«Ǥßċůǒ;qOs~x&	
ė%ƭ1ǩ<
%÷ņ)Şƥ%	šřƋĳ½('*è)ƽģ;3"ȜğõȀƎ@p~O|IÌ
ǀ&(8	ÅƂƋ)«*·ƅ¼ƀŜ2$	*2	ĝő+ȠǨď«ų4ȠĦ
ď°ÃEpvġǎ&9$	*Õțŵ;ƴÔ82	Ŏƞ%+«ðǒĽŬ;
ƅ	 SPI;þ¬8&%	ȠĦď(õȀƎ@p~O|I%8&;ķŘ8
6)	«ðǒĽŬ;ƅ	8&%	SPI%Õț&(8Ś²ƨ*U@]nWHy|O*Õ
țƴÔ%8&3Ɨ 
 õȀƎ@p~O|IȡQPIλ+	a@DzO~4ÁþĬǈ*³ǿ('%	m@Hz
PJ~x*ǰŅź*ÌǏ¾)	$Ǿǎ&98Ĭǈ*"%8ż)	QPI+vi
xew~@p~O|IÌǀ%7	ƫƿ;ŕǅ)ȓƔæƋ(ǐú%86
)	ƎƇ©6 3ţªėž4	ƫƿ*ŹǠȀ;ũ283%8 [1, 2]Ǝ*ÌǏ
¾Ĭǈ&$	90%)ƎĆȜğȂ  [3] 4ğ³ċůK|[vP[ȜğȂ  [4] 
Zernike & Smith )5799ȄƉ9$ƁÝ	*5
(ȜğȂ+Ď:9
$	8	QP@p~O;ÊĞ8&+%(	9+	96*ȜğȂûǞǗĿ
*ğÿ(ƎĆ;ĕďĆ)çĸ$ÌǏ¾$	82%8*2	ǁÄ4āĭ
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ƀ*5
(ź*Ĥâ;õȀƋ)ÊĞ8&+ÚȎ%896è%3	QP@p
~O;ÊĞ82*ƙ*«òƋċůǒȄƉ9$7	ȜğȂ-*Ĺǧ3âÒ
9$	8ǉƋ(3*&$ Bruning 6)57ȄƉ9ƎNe[ċůǒ [5] 
89+ Twyman-Greenċůǒ)Epv&dCSȞ½PY~O;ƭ1Ï:3*%
8Ǝ³Ǒ+ / 100Ƙď%8	dCS>HVsC~T*cPYwNP&	*Ʈ
ŔƄ8Ǝ`@Q­*óõģ;$	8óõģ*Õț;ǑŪ	6)
űõƧď;Ƞ282)	Kadono6+ƎNe[@p~O|IŬ)®Ǳ«Ǥß¦«ċů
ǒ;þ¬ [6]*Ĝ	Ikeda 6)57	½ƋƁǞ;N|IxNuW[%ǐű%8
cxix[ƎȜğȂ3ȄƉ9 [7]*5
(ƙ*ƎȜğȂ*%	Popescu
6)57ķŘ9ØĭƎȜğȂȡDPMλ+ [8]	*w>xT@oűõģ&óõģ*
ǐŵ%	é*ĢƅĂȄ)Ŋ3ŋŌ&ƻ698 [9, 10]DPM%+®Ǳ«Ǥßċůǒ;
ĵƅ	9+ćǟ*«òȜğȂ) QPI >TWVp|[qOs~x&$÷ņ)ǭ»%
8	DPM)	$ȠKc~y|P*y~M;«ų&$ĵƅ5
&8&	
PjWHx`@Q)58Ǝ`@QÕț&(7űõƧď;8ÅÙ&(8
*2	ŇȅƋ)Kc~y|P(«ųƅ	69$	8 [10-12]	Ļ)źȔ+Ɯ
ȅƋ(Kc~y|Pžħ&(8	DPM )	$ȠƧď( QP @p~O;Ğ8
2)	ƜȅƋKc~y|P*ƕ +ġș%8 [13, 14]96 2"*ƎÈ8ǎũ+	
ŇȅƋ)Kc~y|P(ĎĈà«ų*ƅ& NA *K|Z|Ly|Q*ĵƅ)58
ƜȅKc~y|P*İ &	
&%ûĢ$		6)	®Ǳ«Ǥċůǒ
qOs~xǻ%	Pj@Nrxe?xTw|I*2%8ÿĚ*d|k~xġ
ǎ&(8*2	DPM%+ġŷƋ)ğĔ«@p~O|I&(68;Ğ	Ƞ«ĕ
ď«ų4ȠĦďEpvġǎ&(!$	 
 *5
(Õț;ǑŪ82	ŎƓƛ%+N|IxdHRx@p~O|IȡSPIλ
)Əƌ [15, 16]SPI+šřƋǢŖ*ġǎ(	mxVgyWHP@p~O|IŬ%
7	Ǵ*ƜȅƠÎ¾mPH&N|IxVr_xŚ²×ƅ	698(: «Ȑ
ðå£ƣȡPMTλ*5
(ȠĦď(Ś²×ƅ%8 [17-19]6)	Ňȅ³ǑĬǈ
;þ¬9,	ġǎ)Ģ$Ƞǲ(Ƹ7ǫƁǞ;ǐű8&3%8ĜǬ8	
éǾÓŭĽzWH@|Ś²Ŭ;þ¬8&%	ÐŇmxVPjH[vx@p~O|I
3÷ņ)öƁ%80	ń)Ǭ.&7ƜȅȚà%*mxVgyWHP>\a|
Y~O3ōě%8 [20, 21]ġǎ%9,	ÜƷR|N|I*Ĭǈ3űõŇȅƒƷ*
2)ƅ%8 [22]*5
(żȃ6	SPI )Ȇ$+	3 ţª@p~O|I [23]	
YvhxXȚà%*@p~O|I [24]	 ȠƜȅ³Ǒ@p~O|I [25]	ėžǒű [26]	
«Ko³«@p~O|I [27] ('ń)é*âÒ8ŊǪ%+	SPI ;ƅ	Ǝ
@p~O|I*âÒ38 [20, 27, 28] 
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 Ŏƞ%+	DPM) SPI;ƭ1Ï: SPI-DPM;ķŘ86)	SPI*"*Ţ
ŵ&$	Ś²ƨ*U@]nWHy|O*Õț)"	$û±8(: 	SPI%+Å
ƂƋ)Ś²×*3*4	*ĜŦ)Ķư98>]zI}ZOTxçĸ×ȡADCλ*
ƶǥ³Ǒǀ&U@]nWHy|Oǣ8&	
Õț8ż)	ǍȌ(ėž;3
"ź*Şǳ;Ťƕ)¯Şĩ82+	ADC *ƶǥ³Ǒǀ+Ìǀ(ȇ7Ƞ.%
8** SPI*Õț&$+	DPM%ǹǶ85
(ğĔ«ƃä%*öǇȎ
	&	
&Ĳ698*2 SPI-DPM*­Ƌ(ģǀ+	űõŐ)358
	ĝő* DPM&/'ç:6(	žū)(!$0
*Õț)ûĢ82	Ŏ
ƞ%+«ðǒĽŬȡPCλ;Ł)þ¬ SPI-DPMȡPC-SPI-DPMλ&	
NPYo;ķ
Ř8PC+	PMT; SPI)þ¬2	÷ņ)öƁ%8%+ǋƹ*ǘƫ&
áƖżģ*ǖƮŔ)"	$Ǭ.8ÅƂŚǕöȟ&$	NwEFvP)ǌǁ
ǰŅǽ¾@|OAoPQȡITOλă*ǁÄűõƮŔ;Ǳ$	SPI-DPM& PC-SPI-DPM*
ģǀŨǦ;Ǉ
 PC-SPI-DPM*Ĝ*ĂȄ)"	$3Ǭ.8 
 
5.2 回折位相顕微鏡（DPM）と 
   光子計数型シングルピクセルイメージング（PC-SPI） 
 ŎƤ%+	ĝő*®Ǳ«Ǥß DPM&%ķŘ8 PC-SPI-DPM)"	$*ŝǎ;Ǭ
.8 
 
5.2.1 従来のDPM 
 0	Û 5.1ȡaλ) Popescu6)57ķŘ9ĝő* DPM;ƗDPM)	$+	
Ǳĉ*ċůǒű*5
)	ÇŸã ur (r, t) &źã us (r, t) ŸŅã ui (r, t) ;³¹8
&%Ƅĩ98*%+(	ż)	ÇŸã+źã6Ƅĩ98ȜğȂ*©Ȕ IP1)
ǼƹČȔØĭŗð G )57	1 ţØĭ«Ƅ8*Øĭ«+e~wCçĸy|
Q L2&*e~wCȔȡFPλ)Ǽƹ9Pj@Nrxe?xTȡd|k~xλ)57
ȠÓŭĩ³ȈÆ9 DCĩ³*1&(8(: 	ÇŸãƄĩ98*ÇŸã
+e~wCçĸy|Q L3;ǱǷĜ	źã;8 0 ţØĭ«&ċů8&%	
Ś²×ČȔ IP2)ċůƵbT~|;69Ǌűõź*Ǝ©Ƣ²%8*5

(®Ǳ«ǤßDPM*ƂǜƋ§Ȕ+ȁ)0&28	Ǝ©;
0Ƣ²82)+	
K|Z|Ly|Q L1*ȄËĽȡNA; numerical apertureλ+%8ÿ	źȔ
%*ƜȅKc~y|P;İ 8ġǎ80	>TWVp|[qOs~x*d
|k~xĚ3%8ÿ(9,(6(	*2	DPM+èǻ6*ĳ½
`@Q)û$zaP[%8&	
ĕº(·ŵ8	*«Ȁ·ƅ¼ƀ+ȓĉ)
(8&	
Ţŵ;3" 
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5.2.1 PC-SPI の導入 
 Ǭ DPM)8«Ȁ·ƅ¼ƀ*Õț;ƴÔ82)	PC-SPI;þ¬
9;Û 5.1ȡbλ)Ɨ%+	Ś²×Ȕ IP2)ƜȅƠÎ¾mPH;Ǽƹ	ċůƵ
bT~|;Ǵ*>Um~xǇµ6ƄĩbT~|%ƜȅƋ)ƠÎ¾8ƠÎ¾
9«ŏ+N|IxVr_xŚ²×%ŇƨµZ~T&$Ś²98Ǵ*űõƬ
Ĝ	ċůƵbT~|+ǯ>Um~xçĸ±Ƃ)57¯Şĩ9	e~wCçĸŬ;ƅ
	$Ǝ©;Ƣ²8*5
( PC-SPI-DPM )	$+	PMT *5
(ȠĦďN|
IxVr_xŚ²×ĵƅ%	ƜȅƋ(mxVgyWHP>\a|Y~O3ōě%
82	Ǔ*«Ȁ·ƅ¼ƀ*Õț+8ƘďƴÔ98»$	PCŬ;ĵƅ8
&6ğĔ«űõ+Õț&+(6(	*5
)ķŘĪŬ+űõĦď;Ñ%	SPI
*ŎǠƋ(Õțŵ&3	8U@]nWHy|O*Õț3ƴÔ%8 
 
 
Û 5.1 ®Ǳ«Ǥßċů DPM*ŝǎȤȡaλĝőß DPMȣȡbλPC-SPI-DPMȤ 
 
 
 
 
 
 
 
 
Ȭȧ 
 
5.3 装置と構成 
 Û 5.2)ǌ PC-SPI-DPM*«òƨ;Ɨ*ƨ+	«ų	ǰǷßȜğȂ	DPM
qOs~x	$ SPINPYo6Şĩ9$	8ǡ*ŵƳ&Ʋ*öƳ+	99
ǉƋ(Ʈ©«Ƴ&ŸŅ«Ƴ;ƗǰǷßȜğȂ)+ćǟ*¤ƝßȜğȂȡECLIPSE 
Ts2, Nikonλ;ƅ		*«ų;ȠǨďǉȔƉ«ß LEDȡPT-121-TE, Luminus Devices, center 
emission wavelength: 528 nmλ)ĸ	*Ȟ½ȐŮ¥+ ~ 10 A&DPM;Ťĉ)
ƚ¨82)+	*5
(Ƞ«ĕď«ų%(Ƞ	ƜȅKc~y|PŸŅ
Ǿǎ%8*2	«ų*©Ȕ)>b~Vrȡφ1 = 100 µmλ;ǔƹ	f1 = 50 mm*
Kwp~Ty|Q L1;ƅ	$ź;ŸŅ*ƮŔ	ŸŅƨ* NA+φ1 / f1 +Ʃ 0.002
&(7	Ŝ2$ÿ(8	9)5!$źȔ%*ƜȅKc~y|Pİ 98 
[13, 14] 
 ģǀǖ*2*Ǌűõź&$	NwEFvPáŒ)ǆƏ9ÄƩ 100 nm
*ǰŅ( ITOăȡSZ-B111P6N, EHCλ;ƅ	ź*©+	ûźy|Qȡ4×, with NA of 
0.13λ)57 IP1)Ʈ©9	DPMqOs~x*®ęȔ IP2 - IP4)ţ&Ʈ©98
% IP2Ȕ+ȜğȂ*Epvl~[%8ÇŸãƄĩ*2*Øĭŗð&$	ǰǷ
ßfy~Q\ØĭŗðȡG; #49-575, Edmund Optics, 300 groves / mm; blaze angle of 17.5° at 
520 nmλ; IP3Ȕ)Ǽƹ6)	>TWVp|[qOs~x%*®Ǳ«Ǥßċů
ǒű*2)	2f2 – 2f3«òƨ*ȅ)ƹ8 FP)d|k~xȡdiameter φ2 = 40 µmλ
;Ǽƹ% f2 = 35 mm	f3 = 100 mm%8d|k~x*ę¹+ȦţØĭ«*Ɯ
ȅƋ(e?xT%8ȡ~ 5 nm spectral bandwidthλ0ţ«+ź«&$·ƅ82e
?xTw|I()ǰǷŊƬƋ)96* 0ţ& 1ţ«+ IP4Ȕ%	)ċů	
Ťēŭž*ċůƵbT~|ȡ@|T~eBzIvoλ;Ƅĩ8(	ĝő* DPM%
+	* IP4 Ȕ)Epv;Ǽƹ	@|T~eBzIvo;Ǔȁ$	9)û	
ŎƓƛ%+ SPI ;þ¬82)	ZOTxnv~Za@PȡDMD; DLP LightCrafter 
Display 2010, Texas Instrumentsλ;Ǽƹ	@|T~eBzIvo©*ƜȅƋ(ƠÎ¾;
Ǵư$Ǉ
 
 ƠÎ¾+	DMD* 384 × 384œ*m@Hznv~%Şĩ98 128 × 128Ƈƪ)û
$ƠÎ¾mPH;ǌm@Hznv~*dWV+ 5.4 µm%7	mPH*ȦƇƪ
*ȅȉ+ 16.2 µm%8*ƮŔ	DMD%ĸƢȆĠȚàȡROIλ*ê+ 2.07 
× 2.07 mm2&(8ċůƵ*ew|Oȅȉ p+	Ĝ*e~wCçĸ±Ƃ*Grw>ƜȅÓ
ŭĽ&$Ɓ9	~ MΛ = 9.5 µm [29] %698%	M+ 2f2 - 2f3«òƨ*£ƀ
%7	Λ+Øĭŗð*ŗðȅȉ%8%	Ğ69 p*¥+	DMD)ĩ
mPH*dWV;ƻĨ8&	]@GP[L|gw|IõƂ;Ų)+ÿ
ȬȨ 
 
%	15 £*ıêy|QȡÛ)+Ǔǧ$	(	λ;6)ǭ»*ƮŔ	ö
Ȋ*£ƀ+ 42.9&(7	DMD*ew|ObT~|*ȅȉ+ 142.5 µm&(!9
+Ʃ 26 œ*m@Hznv~*ȃ)ƎĖ	ROI )Ʃ 14 Ŏ*ew|OñÝ8
&)(!DPM ǔǒ)8*Ǿǎ(ǎƪ&$	>b~VrĚφ1&d|k~xĚ
φ2*ǺĮ8Ŏ«òƨ%+	Çƻľſ [13] & [14] ;ƻĨ	φ1 / f1 = 0.002&
ł	φ2 = 40 µm&	9+«ĕďå»)
 SNŨ*å»&Ǝűõ*Ƨď
*[y~\De;ƻĨ$Ūõ 
 %+ SPI*2)>Um~xçĸ@p~O|IȡHTIλŬ;ƅ	HTI%+>U
m~xǇµ6Ƅĩ98ƍǴ*ƠÎ¾mPH;ƅ	8	9)!$
DMD %¬ü«ŏ*çǛ;Ǉ!6*Èü«ŏ+ PMTȡH6780-01, Hamamatsu 
Photonicsλ)¬ü	*²º+ŇƨµZ~T&$Ǔȁ98%	«ðǒĽŬ;
ĵƅ8&)57	ğĔ«-*ûĢ&Ś²ƨ*ȠU@]nWHy|O¾;Ìǀ)8
*2)	PMT*²º)+bxP>|gȡC6438-01, Hamamatsu Photonicsλ&Z?PH
wn_~T&EA|Tt^W[;ĶưǒĽ 
 ŊƬƋ)	@|T~eBzIvo@p~O+ǯ>Um~xçĸ)57¯Şĩ98	
96 QP@p~O;į²8łŬ+ 2"8"+e~wCçĸŬ [30]	3
"
+cxix[çĸŬ [7] %82"*łŬ+ÓŭĽe?xTw|I&	
ŵ%ŎǠƋ)
Ð%8	Grw>ÓŭĽĩ³;ȈÆ82) null űõǎ%8&	
ŵ;
ƻĨ$¸Ƽ;ĵƅ 
 
Û 5.2 PC-SPI-DPMNPYo*ŝǎȤŸŅƨȣ¤ƝȜğȂȣDPMqOs~xȡ®Ǳ«Ǥßċůǒλȣ
PC-SPINPYo%Şĩ98ȤǡǅŵƳ+Ʈ©ƨ;ȣƲǅöƳ+ŸŅƨ;ƗȤ 
Ȭȩ 
 
5.4 実験結果と考察 
5.4.1 透明薄膜の膜厚計測 
 ÅƂŚǕöȟ&$	NwEFvP)ǆƏ9ǰŅ( ITO ă*ǁÄ;ǒű
Û 5.3ȡaλ)*ǗĿ*ǰǷ©;Ɨ%	ROIȡ48.3 × 48.3 µm2λ;ƔƳ%Ɨ
NwEFvPáŒ& ITO ă*ŦĆ+ǡƳ x-x’)ñÝ$	8Û 5.3ȡbλ)+	9
;ÅðȅºȜğȂȡOLS3500-PTU, Olympus, depth resolution: 1.0 nmλ%űõŀȔgz
e=@x;Ɨűõ9ŦĆȠ+Ʃ 125 nm%! 
 
 
Û 5.3ȡaλǗĿ*ǰǷ©ȣȡbλÅðȅºȜğȂ%űõȡaλ* x-x’ŀȔ*gze=@xȤ F
vPáŒ)ǆƏ9 ITOă*Ä 125 nm%8&;ƗȤ 
 
 ¸Ƥ%Ǭ.5
)	SPI)	$¡ÎŚ²ƨ*U@]nWHy|O+¯Şĩ©*¯Ɓ
ģ)êĘȖ89+	ƠÎ¾ź*ƜȅƋ(Ĥâ;.$0&2$N|I
xVr_xŚ²×-¬ü$	82%7	ğÿ(¡Îyix*ç¾*ǝ¶Ǿǎ
&(8*ŵ%	PC-SPI %+ÅƂƋ)űõŇȅ;ĥ)ǔõ%82	U@]nW
Hy|O;Ŷȇê)ıê%8%	PC-SPI-DPM*¼Ŕ;ƕǙ8ƌƋ%	>]z
IŚ²łĒ SPI-DPM &%ķŘ PC-SPI-DPM %Ğ698 QP @p~O*ŨǦ;Ǉ
!ƱŸŅmPHĽ+ N = 16,384&	128 × 128Ƈƪ& 
 Û 5.4ȡaλ)>]zIłĒ SPI)58¯Şĩ©;Ɨ%+	12-bit ADC;ƅ	
PMT ĜŦ)Ķưz~bPe?xT*ŇõĽ; 40 msȡ load resistance: 1 MΩ; 
capacitance: 0.01 µFλ&ȡbλ+ȡaλ%Ɨ@|T~eBzIvo*b{~PjH
[x;ƗÛ*Ƴ³ A-A’*ŀȔÛ;Ŧ)Ɨ	ê(ƍŮĩ³*ƾň«& 2 "
*ÿ(ċůd~HƕǙ%8*@|T~eBzIvo@p~O)e~wCçĸ
Ŭ [30] ;Ǹƅ8&%	ȡcλ)Ɨ QP @p~O;Ğ	*Ǝ@p~O
+ª*ź;Ťƕ)¯Ɓ%$6	B-B’¿ȅ*ŀȔgze=@x+Û 5.3ȡbλ)Ɨ
3*&+ƈ(!$	8*ƂƆ+	ADC *U@]nWHy|OÀ³%!
ȬȪ 
 
&)57¯Şĩ9@|T~eBzIvo*¡ÎûȌȕŨȡSNRλ!&)
58 
 %	ȡdλ) PC-SPI%ÊĞ@|T~eBzIvo@p~O;Ɨ%*«
ðǒĽ¥+	Ʃ 4 × 105 ¢ counts / pattern%8űõŇȅ+>]zIłĒ*ãÏ&Ð
40 ms / pattern&Û 5.4ȡeλ&ȡfλ)99b{~PjH[x@p~O& QP@
p~O;Ɨ	93>]zIłĒ*ãÏ573ŅƐ(©ÊĞ%$7	ITOă*
QP@p~O;Ťƕ)ÊĞ8&%9+Ś²ƨ*U@]nWHy|O; 4,096
ȡ12-bitλ6Ʃ 4 × 105)ıê&ø$	86)ŅƐ(©;ÊĞ82	
űõŇȅ; 400 ms / pattern),	«ðǒĽ¥;Ʃ 4 × 106 counts / pattern)å4
*&*ƮŔ;ȡgλ-ȡiλ)Ɨ*ƮŔ	@|T~eBzITo&b{~PjH
[vo;6)Ƞ	 SNR %ÊĞ8&%	ŊƬƋ)Ğ698 QP @p~O3Ðş
%!ITOă*āĭƀ 1.89ȡ550 nmλ[31] ;ƻĨ8&	ȡiλ)Ɨ B-B’¿ȅ*
ƎĆ+ 1.32 rad. &(7	9)ûĢ8«òƋÄ+Ʃ 125 nm&(!*¥+ AFM
%űõǁÄ)ȓĉ)5ǂ 
 
 
Ȭȫ 
 
 
Û 5.4 SPI-DPM)58NwEFvP)ǆƏ9 ITOă*űõƮŔȤą§ȡaλ-ȡcλȯ>]z
IłĒ SPI)58űõƮŔȡ40 ms / patternλȣìȡdλ-ȡfλȯPC-SPI-DPM)58űõƮŔȡ~ 4 × 
105 counts, 40 ms / patternλȣÍ§ȡgλ-ȡiλȯPC-SPI-DPM)58űõƮŔȡ~ 4 × 106 counts, 400 ms 
/ patternλȤŦȯ¯Şĩ9@|T~eBzIvo@p~OȣŦȯ@|T~eBzIvo@p
~O;e~wCçĸ$ÊĞb{~PjH[vo@p~OȣŦȯe~wCçĸŬ)57¯
Şĩ9 QP@p~OȤ 
 
 
 
ȬȬ 
 
5.4.2 画質の評価 
 PC-SPI-DPM«òƨ*ģǀ;ǖ82	mPHbT~|*ȑ«Ňȅ;ç	ČÞ«
ðĽ*ȆĽ&$¯Şĩ9@|T~eBzIvo@p~O* SNR ;ǖSNR
*õƺ&$	Û 5.5ȡaλ)Ɨ5
) 1ţØĭĩ³*d~Hĕď&`@Qez>*ČÞ
¥*Ũ&Ǌűõź+¸Ƥ&Ðş%8ȡbλ+96;gzW[ƮŔ%
7	ŵƳ+96;ûĽe?W[ƮŔ%8957	SNŨ+ǒĽ98«ðĽ
*å»)ĝ	å»8&:8ţ)	¯Şĩ9 QP@p~O*ƜȅƋ(Ǝ`
@Q)"	$ǖȡcλ)ǖ)ƅ ROI;Ɨ% P1& P2+99 ITO
ăȚà&NwEFvPȚà)ûĢ8ǖĪŬ&$	P1& P2*ł*Țà)8
ƜȅƋ(ŠŴ¦ĆȡSDλ;ƎǚĆ&$ƅ	ȡdλ) SD ¥;ČÞ«ðĽ*ȆĽ&
$gzW[ƮŔ;Ɨ957Ǝ`@Q+ČÞ«ðĽ*å»)"9$ŰĀ
8&³896*ƮŔ+ķŘ PC-SPI-DPM NPYoǄî)½$	8
&;Ɨ 
 
 
Û 5.5 PC-SPI-DPMNPYo)57ÊĞ@p~O*ƇǠ*ǖȤȡaλČÞ«ðǒĽ¥ ~ 4 × 106 
*Ň*b{~PjH[vo@p~Oȣȡbλȡaλ57Ƣ² SNR&ČÞ«ðǒĽ¥&*Ȇȣȡcλ
ČÞ«ðǒĽ¥ ~ 4 × 106 *Ň*¯Şĩ QP@p~Oȣȡdλȡcλ57Ƣ²ŠŴ¦ĆȡSDλ&Č
Þ«ðǒĽ¥&*ȆȤ 
Ȭȭ 
 
5.5 今後の展望 
 Ȝğ QPI)	$	DPM+ćǟ*ȜğȂ)÷ņ)Ĝ%8qOs~x&$ķŘ
9DPM+®Ǳ«Ǥßċůǒ%Şĩ982	è)û8zaP[ģżȃ%
8	«Ȁ·ƅ¼ƀ+	Ƞ	ƜȅKc~y|P*İ &Pj@Nrxe?xTw
|I*2*d|k~x*Ĵ¬*ġǎģ%ǃ)	Ŏ«òƨ)	$3	«Ȁ+ź
Ȕ6 IP4Ȕ0%%	Ʃ 1 / 2,000)0%*2	ȠǨď«ų&ȠĦďEp
v*łġǎ&(8ŎƓƛ%+ȠǨď LED;ƅ		ȠĦď( PMTƅ%8 SPI
Ŭ;þ¬PMT;ƅ8&**·ŵ&$	«ðǒĽŬ;þ¬%	DPM*
U@]nWHy|O&Ħď*Õț;ÐŇ)ǑŪ%8ť9Õț+űõŇȅ%8
,	Û 5.4ȡfλ*Ǝ@p~O%+	*űõ)Ʃ 10³;ǎ6)ȠPx~
gW[%K|bH[(«òƨ;ǔǒ8	0+ DMD*Êī;Ąë$«*Éȋ¼ƀ
;Ƞ28ġǎ8 [32-35]0	ġǎ)Ģ$ CS Ĭǈơ;ƅ	űõŇȅ*ƒƷƻ
698 
 6)	QPI;ƅ	ƫƿ*ǐú)	$ȣāĭƀ*ƈ(8ïǠ;ƅ	$99 QP
¥;űõ8&%	āĭƀ&Ä*Ĥâ;³ȍƫƿ*ŹǠȀ;ũ28&%
8 [1,2]	*łŬ%+	ïǠ;¬9ŉ8śġǎ&(7öƅƋ%(	&
Ƒ69$	89)û	ƈ(8ŭȃ% QP@p~O;ÊĞ8&%Ğ698ź
*āĭƀ³ļ6*źǠ;Ðõ	Ä*Ĥâ;ÊĞ8&%8*5
(
éŭȃ QP@p~O;ÊĞ82)	90%) 3ƙȝ*łŬķŘ9$7	1"
+Ɗǅ«ų&³«e?xT;ƅ	8łŬ [11]	2"ƌ+	ǍĽ*Âǅ«ų& RGBEpv
;ƅ		ǡ	Ʋ	Ȓ*@p~O)³8łŬ [36]	$ 3 "ƌ+ 1 ţØĭ«& 2 ţØ
ĭ«;ÐŇ)Ɯȅe?xTw|I8ĪŬ  [29] %8	%ķŘ
SPI-DPM +6)Ƨù(éŭȃƎ@p~O;ÊĞ8¶*Ìǀģ;3"*Şĩ*
;Û 5.6ȡaλ)Ɨ*Şĩ)	$+	Û 5.2%Ɨ PMT *ƹ)mxVV
r_x³«×*¬üe=@a~Ɵ;Ǽƹ8DMD%*Ǵ*mPHbT~|´7ŉ
ŧ)PjH[x;űõ8&%	Û 5.2*ãÏ&ÐĪȘ%ŭȃCyp|[ŧ* QP@
p~O¯Şĩ98*5
(NPYo+	,ŭȃñģ;ŋ8ǗĿ*űõ
)ŋƅ%8ȡbλ)3
"¶*Ìǀģ;Ɨ9+mxVVr_xzWH@| QPI
NPYo%8*ãÏ	ƈ(8ÓŭĽ%çǛ9Ɖ«ŭȃ*ƈ(8ǍĽ* LED;
«ų&$ƅ	8$	PMT 6*²º«ų*çǛÓŭĽ)Ðō$½8m
xVVr_xzWH@|>|g)Ǯ6989)5!$	éŭȃ QP@p~O;ÐŇ)
ÊĞ8&%8«ðǒĽŬ;ƅ	ZOTxzWH@|>|gŞĩ)9,	
ğĔ«)ûĢ4	ƁǞƸ7ǫãÏ)+	Ňȅ³Ǒ QPI3 [18, 27] &ÐĪȘ
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%öŃ%8 
 
 
Û 5.6 SPI-DPMŬ*ýőƋ(ĂȄ*ÌǀģȤȡaλmxVVr_x³«×;ƅ	éŭȃ QPINP
YoȣȡbλmxVVr_xzWH@|Ś²Ŭ;ƅ	éŭȃ QPINPYoȤ 
 
5.6 結言 
 Ŏƞ%+	SPI*Ǝǒű-*Ģƅ&	
ǐŵ%	ğĔ«ǒű)ż¾ȠĦď(«ð
ǒĽßȜğõȀƎ@p~O|IŬ*ķŘ&öǕ;Ǉ!*2)	ćǟ*ȜğȂ
)®Ǳ«ǤßċůǒqOs~x;ǭ»Şĩ*ØĭƎȜğȂȡDPMλ;ƅ	
*żȃ+	èǻ6*šřƋĳ½)û$zaP[%7	0	Şƥ÷ņ%8&
	
&%8«ðǒĽŬ;ĵƅ8&%	DPM*Õțŵ%8«*·ƅ¼ƀ;ĺ
Ö8&ÐŇ)	SPI%Õț&(8Ś²ƨ*U@]nWHy|O*ÕțƴÔ%8&
Ɨ0	Ĝ*ǋƹƋ(ƉĂƨ;Ɨ 
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付録 
A1. DPMの理論的側面 
 *ȁ%+	Popescu6)57ķŘ9®Ǳ«Ǥß DPM [13, 14] *ƂǜƋ§Ȕ;Ǔ
Ǭ8ĝő*ċůǒ%+	ŸŅ«*Ȑã+ 2ţª*ĐŠiH[x r&Ňȅ t*ȆĽ&
$ ui (r, t) &ǉƁ%	9*00ÇŸ«*Ȑã ur (r, t)&(8ł	ź«*Ȑã
us (r, t) + T (r) ui (r, t) %698%	T (r) +ź*ĳĊǰǷƀ&*ã
Ï	Ňȅǵđȏ ȡτ = 0λ%*Ɯȅñ*ŇȅƎƎȆȆĽ+	Γs,r (r, r, 0) =us (r, t) u*r (r, 
t)%698ǓÎ +>|L|fxČÞ;Ɨ	* +Ǎƪ®ę;Ɨ*&
ǃ¾9Wiener-Khintchine*õƂ57	Γs,r (r, r, 0) = ∫ Ws,r (r, r, ω) dωĩƝ	Ws,r 
(r, r, ω) =Us (r, ω) U*r (r, ω)&(8*Ws,r (r, r, ω) +ƎPjH[xùď%7	
Us (r, ω) & Ur (r, ω) +99 us (r, t) & ur (r, t) *e~wCçĸ%8!$	
Γs,r (r, r, 0) = T (r)Ui (r, ω) U*i (r, ω)&(8*2 arg [Γs,r (r, r, 0)] = arg [T (r)] &(
!$	Ťƕ)Ǝ©;ÊĞ8&%8 
 ®Ǳ«Ǥß QPM)	$+	ÇŸ«*Ȑã*e~wCçĸ Ur (r, ω) +ź«*Ȑã
*9%8 Us (r, ω) 6Ƅĩ98(: Ur (r, ω) = ∫Us (r’, ω) h0 (r-r’) dr’%
698%	h0 (r) +Û 5.1ȡaλ)Ɨy|Q L2*e~wCȔ)Ĵ¬9Pj
@Nrxe?xT*čòƋėž*e~wCçĸ%8*2	Pj@Nrxe?
xT&$ȓĉ)ÿ	d|k~x;ƅ	&	9+ǪƋ)ZxTȆĽ&(8*
%	Ś²×Ȕ IP2­Ȕ% h0 (r) +õĽ)(8ł%	Pj@Nrxe?xTŶ	ãÏ	
h0 (r) +ZxTȆĽ)Ǫ#*&	 Ś²×Ȕ%* Γs,r (r, r, 0) + 
                Γs,r (r,r,0) = Ws,r (r,r,ω)∫ dω = U s (r,ω)Ur* (r,ω)∫ dω  
  =T (r) Wi (r,r',ω)dω∫∫ h0*(r - r')T *(r')dr'                  (A1) 
&(8%	Wi (r, r’, ω) =Ui (r, ω) U*I (r’, ω)+źȔ%*ŸŅã*ƎPjH[
xùď%8ƦÂ*2)	źȔ&Ś²×Ȕ;Ð*ƹiH[x r %ǉ:Ȑ
ã+ƯǒƋ)õĉ&$35	2	 ǪƋ)Wi (r, r’, ω) =Wi (r-r’, ω) &%8
!$	*5
)çė%8 
    
Γs,r (r,r,0) =T (r) Wi (r − r ',ω)∫ dω  h0*(r − r ')T *(r ')dr '∫
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6.1 本研究の成果 
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略語一覧 
 
ADC: analog to digital converter 
APD: avalanche photodiode 
BBO: β-BaB2O4 
BPF: band-pass filter 
BS: beam splitter 
CS: compressive sensing 
CCD: charge coupled device 
CGI: computational ghost imaging 
CHI: cyclic Hadamard imaging 
CHM: cyclic Hadamard matrix 
CMN: common mode noise 
CMOS: complementary metal oxide semiconductor 
CNR: contrast to noise ratio 
CT: computed tomography 
CW: continuous wave 
DC: direct current 
DCS: dual-comb spectroscopy 
DCTI: discrete cosine transform imaging 
DMD: digital mirror device 
DPM: diffraction phase microscopy 
ECLD: external-cavity laser diode 
EM-CCD: electron multiplying-CCD 
EOM: electro-optic modulator 
FIB: focused ion beam 
FOV: field of view 
FP: Fourier plane 
FSR: free spectral range 
FT-IR: Fourier transform infrared spectroscopy 
FTS: Fourier transform spectroscopy 
FWHM: full-width half-maximum 
frep: pulse repetition frequency 
fceo: carrier envelope offset frequency 
GI: ghost imaging 
  
 
HBT: Hanbury Brown and Twiss 
HTI: Hadamard transform imaging 
HWP: half wave plate 
HWTI: Haar wavelet transform imaging 
II: image intensifier 
IP: image plane 
ISPS: interleaved subpixel shift 
ITO: indium tin oxide 
LCOS-SLM: liquid crystal on silicon-SLM 
LD: laser diode 
MC: multi channel 
MEMS: micro electro mechanical systems 
MRI: magnetic resonance imaging 
MX: multiplex 
NA: numerical aperture 
NDF: neutral density filter 
NSPS: normal subpixel shift 
OFC: optical frequency comb 
PBS: polarizing beam splitter 
PC: photon counting 
PMT: photomultiplier tube 
QEP-GI: quantum entanglement photon-GI 
QEPP: quantum entangled photon pair 
QP: quantitative phase 
QPI: quantitative phase imaging 
RF: radio frequency 
ROI: region of interest 
SC: single channel 
sCMOS: scientific-CMOS 
SI: scanning imaging 
SLM: spatial light modulator 
SNR: signal to noise ratio 
SPDC: spontaneous parametric down conversion 
SPI: single-pixel imaging 
SPS: subpixel shift 
Th-GI: thermal GI 
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